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A cloud chamber ~ 600 cm? in area and a hodoscope consisting of a large number of counters 
were used to study the zenith-angle distribution of extensive air showers initiated by ultra- 
high-energy primaries of ~10!" ev. The data obtained indicate that, contrary to accepted 
ideas, such showers are past the stage of maximum development at mountain altitudes. 


A direct study of the longitudinal development of 


extensive air showers (EAS) is extremely difficult. 


At the same time, the position of the maximum in 
EAS, which depends on the character of nuclear in- 
teractions of ultra-high-energy particles, is of con- 
siderable interest. The present experiment set out 
to provide an estimate of the absorption, at moun- 
tain altitudes, of extremely energetic EAS initiated 
by particles of = 10!" ev, from their zenith-angle 
distribution. 

The measurements were carried out at 3860 m, 
using a smali cylindrical cloud chamber 30 cm in 
diameter with an illuminated region 6 cm deep, in 
conjunction with a hodoscope array described in 
reference 1 (cf. Fig. 1). The hodoscope made it 
possible to locate the axes of the EAS with respect 
to the chamber, and to determine the total number 
of particles in individual showers. 

Since the direction of the particle flux in EAS 
is nearly vertical, the cloud chamber was placed 
horizontally.* The effective area of the chamber 
for vertical flux was 615 cm*. The pictures were 
taken from above, the lens axes of the stereoscopic 
camera forming an angle of 30° with the vertical. 

An electric field was used to split the particle 
tracks to enable us to distinguish shower particles 


*The chamber was placed in a light plywood hut with a lid 
3.5 g/cm? thick. The thickness of the top glass of the chamber 
amounted to 1.5 g/cm’. 


Dalal 


from those arriving at random.* For that purpose 
the field was switched off after a relatively long 
delay of ~ 107? sec with respect to the trigger 
pulse. 

The measure of splitting corresponding to 
shower particles was found in a separate experi- 
ment, in which we determined the splitting of the 
track of single charged particles, which triggered 
the chamber. Measurements on the tracks of par- 
ticles which did not trigger the chamber and which 
were recorded in random expansions has shown 
that, on the average, not more than 0.3 random 
tracks per picture exhibited the splitting accepted 
as the identification of shower particles. 

Altogether 75 EAS were recorded by the array. 
All tracks of shower particles in the chamber were 
relativistic. 

The distribution of EAS with respect to the num- 
ber of tracks observed in the cloud chamber is given 
in Table I. The density spectrum of shower par- 
ticles measured by the hodoscope! and the data of 
Table I, yield the following features of EAS: the 
mean shower-particle density averaged over the 
density spectrum,}{ the number of cases in which 
no shower particle fell upon the chamber, and the 
number of cases when one, two, etc. particles fell 
upon the chamber. These results are given below 


*Following a suggestion of N. G. Birger. 
+The densities are based on a chamber area of 615 cm’, 


GUSEVA, ZATSEPIN, and KHRISTIANe aN 


578 
TABLE I 
Number of particles Number of Number of particles Number of 
observed in the Arena observed in the showers 
chamber chamber 
‘ 
0 28 9 0 
| 22 10 0 
D) 13 ‘ial 1 
3 2 12 1 
4 I = me 
5 1 >20 1 
BIG lb lanlotsthe array. oe) 2o 4. 6 » 26 | 
5 — groups of hodoscope counters (for de- 7 1 a 4 
tails cf. reference 1); 6 — cloud chamber. 8 0 ies 


for the hodoscope and the cloud chamber: 


9 ee bene 


Cloud chamber 


measurements fines Ovb-0.4. | (0. 24-0005 
Hodoscope 
measurements 3.4 0.34 0.20 


It can be seen from the above that there is good 
agreement between the statistical data obtained 
by means of the cloud chamber and hodoscope re- 
spectively. 

The axis position and the total number of par- 
ticles for nine showers with the largest number of 
tracks in the cloud chamber are given in Table II. 


TABLE II 
Number ‘Position of 
of shower- | Total num- the axis 
No. of | particle |ber of parti- | (Distance 
event | tracks in cles in from the 
the cham-| the EAS cloud 
ber | chamber, m) 
{ 6 408 200 
Ph 6 5-107 160 
3 12 108 170 
4 14 108 190 
5 i 5-108 700 
6 26 105 100 
7 26 8-108 250 
8 20 9-407 90 
9 80 2.108 100 


It can be seen that in all nine cases the cloud cham- 
ber was at the periphery of the high-energy EAS. 

The photographs of shower particles enable us 
to study the angular distribution of shower particles 
at the periphery of EAS. 

The direction of the tracks was determined by 
projecting the pictures through the same camera 
which was used for photography .” 

The direction of each trajectory was found by 
measuring the zenith and azimuth angles #j and 
yg; (cf. Fig. 2). These were used in turn to deter- 
mine the mean direction of the shower particle 
flux and the deviation of single trajectories from 
the mean in each measured shower. The mean 


FIG. 2. Angles used in the determination of the mean di- 
rection of shower tracks (n) and the deviation of individual 
tracks (n;) from it. 3, @ — angles determining the mean direc- 
tion; 3;, ~j — angles determining the direction of individual 
particles; 5; — angles characterizing the deviation of indivi- 
dual tracks from the mean direction: 1 and 3 — hodoscope 
counter groups (cf. Fig. 1). 


direction was defined as a vector, the Cartesian 
components of which are 


Q. 3 i PURPA me a 5 x 
l,cosd,; l,sind,cosg, ; J, sin%,sing, 


where the index i refers to individual tracks.* 
The deviation of individual tracks from the 
mean direction is characterized by the angle 6j 
(Fig. 2) between the mean direction and the track. 
The angular distribution of shower particles is 
characterized by the angle (62)'¥/2., 
Results of the corresponding calculations are 
given in Table III. 
It should be noted that the mean direction of 
the shower particle flux at the periphery of EAS 
is very nearly vertical. Clearly, the axes of these 
showers should be even closer to the vertical. In 
spite of poor statistics, it is possible to draw con- 
clusions about the zenith-angle distribution of the 
recorded showers. Let us assume that the zenith- 
angle distribution Y(v) is of the form A cos* 6, 
where A =(x+1)/27, so that 


*The factor 1; = s,/(S, cos $; +S) sin $;), where S, is the 
area of the horizontal cross section of the chamber, and s, 
the area of the vertical cross-section along the diameter, takes 
into account the detection probability of particles going at an 
angle $j to the vertical. 
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\\ Acos* sin 6 dl dy = 1% 


We shall apply now Bayes’ Theorem to find the 


distribution function of the variable x and its most 


probable value. According to this theorem, the 
distribution of x is given by the expression 


P(x, 9,, 85, 3...) =C(x +1) [] cos*6;sin 6, 
t=1 


where it is assumed all values of x have the same 
a priori probability, and that the probability of oc- 
currence of an angle between 6; and 6; + d0j 
under the assumption of a cos* 6 distribution is 
given by the expression 


[(x + 1) / 2x] cos* 6; sin 6; d9,. 


TABLE II 
| 
BOO Teele Neale: fie 
es; (ae g, 
event = &))7.(deg) deg 
1 6 25 |—150 of 
2 6 45 |+ 53 28 
3 12 16 |— 65 32 
4 ‘lal 14 |—156 18 
oy) 7 25 |— dl 10 
i) 26 5 {+110 26 
7 26 18 |+ 20 30 
8 $20 |~30 14135 ae 
9 ~80 |=40 [4150 — 


The tunction, P'(x,.0,, 05...05) = P(x) is 
shown in Fig. 3. It enables us to find the most 
robable value of x and its error: x = 1174-2. 
The zenith angle distribution is therefore very 
steep. This is confirmed also by the distribution 
of the angle gy (Table III). According to Table III, 
the distribution is uniform; it is almost independ- 
ent of the bias of the experimental setup,’ which 
detects with a higher probability showers with 
axes lying in the vertical plane passing through 
the line 1—2—3 (Fig. 1), i.e., with gy close 
to 0 and 180°. 

It is interesting to compare the measured 
zenith angle distribution of EAS with that calcu- 
lated according to the electromagnetic cascade 
theory for showers of similar energies. The 
zenith-angle distribution of the axes of showers 
with the number of particles N > 10°* calculated 
according to the cascade theory is shown in Fig. 4. 
The experimental distributions cos* @ for x=7.5 
and x =15.5 are included. A large discrepancy 
is seen between the experimental and theoretical 


distributions. 


*This corresponds, according to the cascade theory, to 
~ 10!” ev primary energy at 3860 m altitude. 


Aa) 


0 5 10 Wo Eta 
FIG. 3. Distribution function P(x) of the exponent x in 
the expression for the zenith angle distribution of recorded 
showers (cos*@). The y axis represents the probability of a 
given x in arbitrary units. 


It is known® that the absorption mean free path 
for shower particles is given by the expression 
i = xt/x, where x is the exponent of the size 
spectrum, and t is the depth of the observation 
level. According to reference 1, x =2.1 for large 
showers with N ~10°; for the Pamir station t = 
650 g/cm”. For the found values of x we have, 
therefore, \ = 124788 which does not contradict 
the analogous results obtained recently at sea 
level® for showers of the same energy. 

The experimental data indicate therefore that 
EAS initiated by high-energy primaries are, even 
at mountain altitudes, far beyond the maximum of 
their development, contrary to accepted ideas. 
More detailed experiments on the longitudinal de- 
velopment of high-energy showers would be there- 
fore of considerable interest. 

In conclusion we wish to give an estimate of 
the energy of electrons at the periphery of EAS 
from the values of (62)'/2 given in Table III. 

From the multiple-scattering theory we have 
for E <8 (where £ is the critical energy, equal 
to 72 Mev for air), (3?) = 19 Mev/(Eg)”. 

-Qi 0 
0 


theor. 


DGS 
FIG. 4. Comparison between the theoretical and experimen- 
tal zenith angle distribution of the axes of EAS with the num- 
ber of particles N > 10° at the depth of 19 radiation units. The 
x axis represents log cos v, the y axis — log Y(v). 
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From Table III we obtain for E values on the 
order of 10 to 20 Mev. 

The authors wish to express their deep grati- 
tude to N. A. Dobrotin and N. G. Birger for their 
valuable help and advice, and to E. S. Levit who 
took part in the measurements. 
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We report on the results of measurements of the inelastic scattering cross sections, angular 
distributions, and energy spectra of 300-Mev m* and m~ mesons inelastically scattered by 
photographic emulsion nuclei. Some other characteristics of inelastic scattering were also 


obtained. 


A study of the interaction of 7 mesons with nu- 
clei can yield important information about the spa- 
tial distribution and energy spectra of nucleons in 
the nucleus, as well as the magnitude of the poten- 
tial for a meson-nuclear reaction and its depend- 
ence on m7-meson energy. Moreover, experimental 
data on interactions between 7 mesons and nuclei 
can be used to check various model representations 
of the nature of m-meson interaction with nucleons 
in a nucleus. In particular, it is possible to evalu- 
ate the validity of the hypothesis that nucleons in- 
side a nucleus and free nucleons interact with 7 
mesons in an identical manner. 

The interactions of a mesons of different en- 
ergies (mostly m™ mesons) with various nuclei 
have been the object of a whole series of investiga- 
tions.!~°, 

The present investigation dealt with the inelastic 
scattering of 300 + 15 Mev m+ and m7 mesons by 
emulsion nuclei. NIKFI-R and Ilford G-5 photo- 
graphic plates 400y thick were used. For several 
reasons the NIKFI plates contained 1.6 times as 
many light nuclei (O, C) as the G-5 plates (per 
unit area). The number of nuclei per cm? in the 
NIKFI emulsion (minus hydrogen) was ~7.5 x 1 
The conditions under which the photographic plates 
were irradiated and examined were described be- 
fore.’ The results obtained are based on an analy- 
sis of 5C00 inelastic interactions (stars), due to 
nm’ and ma mesons, found when the photographic 
plates were examined “by area.” 

We classified as inelastic scattering those in- 
teractions (stars) in which, besides a scattered 
at or m~ meson, the track of at least one other 
charged particle was observed (in this case the 
minimum energy transferred by the meson to the 
nucleus equals ~ 20 Mev). In this investigation 
the contribution of other 7 -meson interactions 
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were included in the total cross section. The pres- 
ence of a scattered charged ma meson ina star 
with an energy > 60 Mev was determined by meas- 
uring the ionization (grain density) in the tracks 
of the secondary particles forming the star. To 
identify lower-energy m mesons and to determine 
the energies of the mesons identified by grain den- 
sity, it was necessary to make still further meas- 
urements of Coulomb scattering. These measure- 
ments were reliable only for particle tracks 

> 1500p long. Therefore, it was not possible to 
specify all stars containing inelastically scattered 
mesons (with an energy < 60 Mev). 

Only tracks more than 2000p long, having a 
grain density corresponding to mesons with an 
energy over 10 Mev, were used to construct the 
energy spectra of the scattered mesons. Coulomb 
scattering was measured on a spring stand with a 
very low noise level, Droge (2004) =0.02u, de- 
scribed by Belovitskii et al. The total error at- 
tributed to false-scattering effects was 0.1ly. 
Third differences!! were used for the calculation 
of multiple scattering angles. The average sta- 
tistical accuracy in the energy measurement of 
scattered mesons was 16%. 


1. DETERMINATION OF THE CROSS SECTION 
FOR INELASTIC SCATTERING OF 300-Mev 
nt AND m-~ MESONS 


Experimental data on the ratio of inelastically 
scattered mesons without charge exchange to the 
total number of inelastic interactions were obtained 
from a study of 1622 stars due to m™ mesons and 
1377 stars due to a mesons on NIKFI plates and 
286 stars due to m mesons on G-5 plates. In- 
elastic scattering occurred in (45 + 2)% of m 
mesons and in (40+ 2)% of m+ mesons. A value 
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FIG. 1. The angular distribution for inelastically scattered 
mesons with energies > 60 Mev. The solid line is for 7” mesons 
‘(640 tracks), the broken line for 7+ mesons (481 tracks, NIKFI 


plates), and the dotted line for 7” mesons (95 tracks, G-5 plates). 


of (38 + 4)% was obtained for m mesons in G-5 
plates. Thus, the percentages of inelastically scat- 
tered ma mesons of both signs were about the same 
for both kinds of emulsions. 

Combining these data with the data of Dulkova 
et al.® on mean free paths for inelastic interactions 
of 7m mesons of identical energy on identical 
photographic plates, we obtain 200 + 32 and 185 
+ 33 mbn for the cross section for inelastic scat- 
tering of m and 7 mesons respectively. When 
the fraction of inelastically-scattered mesons was 
being computed, a correction was made for uniden- 
tified stars with tracks fue to m mesons with en- 
ergies up to 60 Mev. In this connection, the frac- 
tion of mesons with energies of from 10 to 60 Mev 
was determined by comparing the number of 10- 
to 60-Mev mesons that had been identified by meas- 
uring grain density and Coulomb scattering with 
mesons of higher energy. The fraction amounted 
to (15 + 5)% of the number of observed scattered 
mesons. In the case of am mesons, this correc- 
tion should be increased by another 5% to account 
for slow m mesons with energies < 10 Mev. This 
last correction arose from the fact that in the stars 
due to ma mesons we observed the emission of 
11 m mesons that were stopped in the emulsion 
(with energy < 10 Mev) and in turn caused nuclear 
fission. No such correction was made where at 
mesons were involved, because in the stars due to 
them not a single case was observed in which a 1* 
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FIG. 2. The angular distribution for inelastically scattered 
mesons with energies over 10 Mev. The solid line is for 7” mes- 
ons (129 tracks), and the dashed line for 7+ mesons (85 tracks). 


meson was emitted and was stopped in the emul- 
sion to bring about 1 —p* decay. 

In order to obtain the total number of inelastic 
interactions involving m mesons, a correction 
was also made for the number of m7 mesons that - 
“perished in flight” and hence were not observed 
during our examination of the area. This correc- 
tion amounted to 5% of the total number of stars 
observed.® 

It should be noted further that interactions in 
which only a scattered meson was detected were 
also predominantly inelastic. It was found that a 
considerable amount of energy (up to 200 Mev) 
could be transferred to a nucleus by a meson 
without any loss of heavy charged particles by 
the nucleus. Only the maximum value of the cor- 
responding correction can be determined from 
the data of Dul’kova et al..° this correction alters 
the inelastic scattering cross section only slightly. 


2. ANGULAR DISTRIBUTIONS FOR INELASTIC- 
ALLY-SCATTERED 7+ AND 7- MESONS 


Figures 1 and 2 show the angular distributions 
for inelastically scattered m* and m~ mesons in 
the laboratory coordinate system (the data are 
related to equal solid angles). Figure 1 gives the 
distribution for mesons with energies > 60 Mev 
(NIKFI and G-5 plates), and Fig. 2 giyes the dis- 
tribution for mesons with energies > 10 Mev as 
identified by measuring Coulomb scattering and 
grain density (NIKFI plates). We see that the 
angular distributions presented in Fig. 1 and 2 
have a similar shape for mesons of equal sign. 
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£ ,Mev 


FIG. 3. The energy spectra of inelastically scattered mes- 


ons. The solid line is for 77 mesons, the dashed line for 


nt mesons. 


The ratio of forward scattered mesons, (angles 
< 90°) to back scattered (angles > 90°) ones was 
1.48 + 0.14 and 1.5 + 0.33 for mt mesons for both 
energy groups and 1.15 + 0.1 and 1.19 + 0.23 for 
m mesons. From these ratios it follows that the 
preponderance of forward scattering is notably 
greater for m* mesons than for 7 mesons. The 
angular distributions should also have included 
the cases mentioned above where the inelastic 
scattering of mesons was not accompanied by 
charged-particle emission. Inclusion of these 
examples would somewhat increase the propor- 
tion of mesons scattered forward. 


3. THE ENERGY SPECTRA OF INELASTICALLY- 
SCATTERED 7’ AND 7 MESONS 


Figure 3 shows the energy spectra for inelas- 
tically scattered m+ and m mesons. Energy is 
plotted along the abscissa, the number of occur- 
rences dN/dE along the ordinate. The 7 spec- 
trum was corrected for slow m~ mesons with en- 
ergies < 10 Mev (the shaded part of the histogram 
in Fig. 3). No such correction was made for the 
m+-meson spectrum. The mt” -meson energy spec- 
trum has a maximum for E =50to 100 Mev. The 
maximum in the t+ meson spectrum is shifted 
toward the larger energies. The average energy 
was 133 and 168 Mev for scattered m= and m* 
mesons respectively. 


eee eee ee 
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FIG. 4. Relation between the energy of a scattered meson 
and the scattering angle (laboratory coordinate system). Ex- 
perimental data: @ is for 7> mesons; and O — for 7* mesons. 
Curves 1 and 2 were computed for the elastic scattering of 
300-Mev 7 mesons by protons and deuterons respectively. 


The average meson energy for three angular 
intervals is presented in the table. A significant 
difference is seen to exist between the m* and m- 
mesons. The average energy of scattered m* me- 
sons changes only slightly from one angular inter- 
val to another. In the case of m mesons, on the 
other hand, the average energy doubles in the same 
range. It should be noted, however, that the data 
for a mesons is based on less statistical mate- 
rial and therefore lacks sufficient accuracy. 


Scattering angle in degrees 


Energy and | 


pion charge joo 60—120° | 120—180° 


m+—300 Mev | 188 


163 | sy) 
nm —300 Mev 194 


103 5) 


Figure 4 presents a more detailed independence 
between the meson energy E and its scattering 
angle 6. Here every scattered meson has a corre- 
sponding point in the (E, @) plane. Also shown on 
the figure are the computed curves for the elastic 
scattering of 300-Mev mesons by free nucleons 
and deuterons. For scattering angles less than 90°, 
not a single case was observed where the energy 
of a meson noticeably exceeded the energy of a 
meson scattered by a free nucleon, whereas for 
scattering angles > 120° the fraction of such cases 
is fairly high, attaining ~ 20%. 
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4, DETERMINATION OF THE EXCHANGE- 
SCATTERING CROSS SECTION 


Among the 5000 stars produced by a’ and 1 
mesons, three electron pairs due to 7? — et + 
e~ +y decay were observed. According to Lin- 
denfeld et al.!* one such 7’ meson decay occurs 
per 80 mn’ —2y decays. Hence, the cross section 
for exchange scattering is 

eae (a) 450 = (20-- 12)mbn, 

which is ~5% of the inelastic scattering cross 
section. It is easy to explain why the exchange 
scattering cross section is so small in compari- 
son with the total scattering cross section, on the 
basis of the known cross sections for free nucleon 
scattering of 7 mesons, by assuming that the ratio 
of the free nucleon scattering cross section to the 
corresponding cross section for bound nucleon 
scattering remains unchanged. 


5. ANALYSIS OF THE RESULTS 


The pronounced foward scattering of 300-Mev 
m™ mesons by free nucleons!*is absent from the 
angular distributions for scattered mesons (Figs. 
1 and 2). Also, the average energy of the scat- 
tered mesons proved to be substantially less than 
that computed (~ 220 Mev) on the assumption that 
the mesons experience one collision in the nucleus. 
All of this is indicative of the fact that a consider- 
able number of the scattered mesons experience 
more than one collision in the nucleus. 

Mesons were observed among the scattered me- 
sons that had been formed as the result of the ab- 
sorption of a primary m meson by a nucleon pair, 
with subsequent internal production of a 7 meson 
by one of the nucleons. It was possible to identify 
such examples during the analysis of the interac- 
tions of mt mesons with nuclei. In particular, the 
emission of slow m mesons, generated mostly 
through the above mechanism, was observed in 
stars due to t+ mesons. We found that ~ 10% 
of the inelastically scattered 7 mesons were 
created in this way. 

The existence of some kind of difference be- 
tween the interactions of 7 and m~ mesons with 
nuclei, as indicated in the table, is of considerable 
interest. This difference may be due to the un- 
equal number of protons and neutrons in the heavy 
nuclei composing the emulsion (Ag, Br). Because 
of this inequality, the number and geometric ar- 
rangement of the collisions experienced by 7m‘ and 
m mesons in heavy nuclei may prove not to be 
identical. If this is so, then it would be natural to 


expect a noticeable difference between the angular 
distributions and energy spectra for Tang ot, 
mesons, as was actually observed in our experi- 
ment (see Figs. 1, 2, and 3). The difference be- 
tween the 7+ and m~ meson spectra in the low 
energy region (E < 10 to 15 Mev) appears to have 
been caused by the influence of the nuclear Cou- 
lomb barrier. 

Some information concerning the nature of the 
interaction of 7 mesons with nuclei, and possibly 
information concerning the momentum distribu- 
tion of nucleons in the nucleus, can be derived 
from an analysis of the data in Fig. 4. It is ob- 
vious that a good number of the back scattered 
mesons (angles > 90°) possess substantially 
greater energies than would be expected if each 
meson collided with a free nucleon at rest (Fig. 4, 
Curve 1). This result could be due to single colli- 
sions by mesons with transitory complexes of two, 
three, or more nucleons, or could be due to the 
influence of nucleonic movement or, finally, to 
simultaneous action by both of these factors. Ac- 
cording to the preliminary data obtained by us, 
the probability of collisions between 300-Mev me- 
sons and a deuteron in the nucleus amounts to ~ 2 
to 3% of the total cross section for inelastic scat- ~ 
tering, or about half of the observed effect. 

If the second hypothesis is correct, it must 
follow that nuclear nucleons can possess a maxi- 
mum kinetic energy of 50 to 60 Mev. This value 
is twice the magnitude usually taken for the nuclear 
model (the degenerate Fermi gas of non-interact- 
ing particles). Evidence that high-energy nucleons 
exist in the nucleus is also provided by several 
experiments with high-energy particles.'4 There- 
fore, it is not improbable that the observed effect 
is caused by the combined action of the factors de- 
scribed above. 

It is our intention to compute the inelastic scat- 
tering of 330-Mev ma mesons by emulsion nuclei 
with the Monte Carlo method, the assumption being 
that there are individual meson-nucleon collisions 
in the nucleus. The angular and energy distribu- 
tions obtained in this way will be compared with 
the experiment. 

In conclusion, the author wishes to express his 
gratitude to I. M. Frank for several helpful sug- 
gestions made when the investigation was being 
performed and to A. P. Lagena and O. N. Pavlova 
for their help with the measurements. 
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The changes of saturation magnetization and of electrical resistance of binary iron-nickel 
alloys, with nickel contents 38 and 45%, under the influence of pressure, have been studied. 
Measurements were made in the temperature range 1.7 to 77°K in fields up to 7000 Oe. It 
was established that the limiting values of the saturation magnetization and of the electrical 
resistance for T—0O change under hydrostatic compression, and that the signs of the 
changes are opposite for the two quantities. These limiting values also change upon increase 
or decrease of the field in strong magnetic fields, and the differential magnetic susceptibility 
in the region of magnetic saturation does not vanish at T—0. The ratio of the change of the 
limiting value of the saturation magnetization to the change of the limiting value of the elec- 
trical resistance under the influence of pressure, and the corresponding ratio under the in- 


fluence of field, are close to each other. 


ly theories of ferromagnetism based on the model 
of a nonconducting lattice of hydrogen-like atoms,! 
the specific saturation magnetization o) at absolute 
zero is equal to nu, where n is the number of 
atoms in unit mass, and where wu is the Bohr mag- 
neton. The product nu obviously is independent of 
temperature and pressure. In this case the depend- 
ence of the specific spontaneous magnetization o, 
on pressure for T 0 is attributed to the influence 
of the pressure on the exchange integral, and 
through it on the Curie temperature. 

In that theory of metallic ferromagnetics that 
takes account of interaction between the valence 
electrons and the conduction electrons (the s-d 
exchange model of Vonsovskii? and the Zener 
model’), the possibility of an influence of pres- 
sure upon 0) is not excluded; for in this case one 
considers changes in the values of exchange inte- 
grals that affect the resultant magnetic moment, 
equal to the sum of the magnetic moments of the 
lattice and of the conduction electrons. There 
are other cases, also, in which an influence of 


pressure on the specific magnetization at absolute 
zero is obviously not excluded — cases in which 
there are several magnetic subsystems, in par- 
ticular compounds or alloys in which there are 
magnetic sublattices. 

In band theory, the value of o, is connected 
with the distribution of electrons among shells 


(in metals of the iron group, the 3d and 4s 
shells). Under the influence of pressure, this 
distribution can change, and a simultaneous change 
should occur in o» and in the electric resistivity 
p. However, p can change also if the change of 
0, is caused only by changes of the exchange in- 
tegrals, since magnetic inhomogeneities have an 
influence on the movement of conduction electrons. 

Until recently, the investigation of the influence 
of pressure on the saturation magnetization of fer- 
romagnetic metals was carried out at or above 
room temperature.‘ The influence of uniaxial ten- 
sion on saturation magnetization has been investi- 
gated from nitrogen temperatures to the Curie 
point.° The observed changes were interpreted as 
an indirect effect, caused by a shift of the Curie 
point under pressure. 

The present work was undertaken for the pur- 
pose of studying the effect of pressure and field 
on the saturation magnetization and electrical re- 
sistance of ferromagnetic metals and alloys at low 
(hydrogen and helium) temperatures, and of esti- 
mating the influence of these factors on the satu- 
ration magnetization at absolute zero. In this 
article we present results obtained in a study of 
binary iron-nickel alloys containing 38 and 45% 
nickel. These alloys were chosen for the reason 
that iron-nickel alloys of such compositions ex- 
hibit, at high temperatures, a larger number of 
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FIG. 1. Arrangement of 
specimens and coils for 
measurement of the effect 
of pressure on the magnetic 
flux through a specimen. 
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interesting effects than do ferromagnetic metals, 
and become magnetized to saturation in compara- 
tively small fields; this is convenient for investi- 
gations at elevated pressures. 


SPECIMENS AND METHOD OF MEASUREMENT 


For the measurements of the change of satura- 
tion magnetization and electrical resistance under 
the influence of pressure, the specimens used were 
cylinders with length 7=55 mm and diameters 
from 3 to 3.5 mm. The differential magnetic sus- 
ceptibility was measured on cylindrical specimens 
with 7=200 mm and d=8mm. Before the meas- 
urements, the specimens were annealed in vacuum 
at 1000° for a period of 6 to 8 hours, with subse- 
quent slow cooling in the furnace. 

Pressures from 1700 to 1900 kg/cm? were pro- 
duced with a bomb of beryllium bronze, by the 
freezing of water, in accordance with the method 
proposed by Lazarev and Kan.® The magnitude of 
the pressure was controlled with the aid of a re- 
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FIG. 2. Relative change or magnetic flux under the influ- 
ence of pressure at various fields, for iron-nickel alloys: 
1) 38% nickel; 2) 45% nickel (T = 20.4°K). 


sistance strain gauge, on the basis of the elastic 
change of external diameter in the middle part of 
the bomb. What was measured was the relative 
change of resistance of the gauge upon freezing 
of the water. The precision of measurement of 
the magnitude of the pressure by this method is 
3%. 

The change of magnetic flux through the test 
coils was recorded with a photoelectric fluxmeter, 
constructed according to a system like that de- 
scribed in reference 7. A 15-maxwell change of 
magnetic flux in the specimen produced a deflec- 
tion of one division on the scale of the instrument 
(the critical resistance of the fluxmeter system 
was 10,000 ohms). 

Figure 1 shows the arrangement of the speci- 
mens and test coils. Three identical specimens, 
rigidly fastened to one another, are capable of dis- 
placement along the axis of coils A and B, which 
have 2400 turns apiece and are connected in series. 
If the system of specimens is so displaced that 
specimen 2 takes the place of specimen 1 and that 
specimen 3 takes the place of specimen 2, the mag- 
netic flux through the test coils does not change. 

If specimen 1 is subjected to pressure, then in such 
a displacement of the system a change of magnetic 
flux will be recorded. 

The differential susceptibility xk was measured 
by the following method: to a specimen in a con- 
stant magnetic field there was applied an additional 
magnetic field AH, of order 100 Oe, from a spe- 
cial “submagnetizing” coil, which was wound on 
the outside surface of the liquid-helium dewar; the 
latter was placed inside the liquid-nitrogen dewar. 
The test coil consisted of two coaxially arranged 
sections, connected in series in such a way that 
in the absence of a specimen, the signals from the 
two sections upon application of AH canceled each 
other. The magnitude of the observed effect was 
proportional to the difference between the numbers 
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FIG. 3. Relative change of magnetic flux at saturation under 
the influence of pressure, for iron-nickel alloys of compositions: 
1) 38% nickel; 2) 45% nickel; H = 4500 Oe. 


of turns of the inside and outside sections, which 
in our case was 6300 turns. - 

The measurement of the electrical resistance 
under pressure was carried out by the method de- 
scribed in reference 6. The magnitude of the pres- 
sure in this case was determined from the shift of 
of the transition temperature of tin in the super- 
conducting state. 

The properties mentioned above were determined 
for temperatures from 1.7 to 77°K. Magnetic fields 
up to 7000 Oe were obtained with a solenoid with 
water cooling. In the middle part of the solenoid, 
the change of field over a distance of 80 mm along 
the axis did not exceed 1%. 


RESULTS OF THE MEASUREMENTS 


In Figs. 2 and 3 are shown curves that describe 
the variation of AW/VAp with field at 20.4°K, and 
with temperature at field H =4500 Oe, respec- 
tively; here AW is the magnitude of the change of 
magnetic flux W in the specimen upon change of 
the pressure by amount Ap. Within the precision 
of the measurements, AW¥/¥Ap does not vary with 
temperature over the range 4.2 to 77°K; it does not 
approach zero as T-—0. 

The values of AY/WAp are related to the values 


= Se) aan 
10 ‘12 + 
: ie ra 

8 | - 

4 | a eae ] 

| 4, 

Looe Se 

0 2000 4000 6006 HOe 


FIG. 4. Dependence of the differential magnetic suscepti- 
bility in strong fields upon the field intensity at various tem- 
peratures, for a nickel-iron alloy 38% nickel. 1) T = 77°; 
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FIG. 5. Dependence of the differential magnetic suscepti- 
bility on temperature for an iron-nickel alloy with 38% nickel; 
H = 6700 Oe. 


of interest to us, namely the values of Ao/oAp, 
where Ago is the change of specific magnetization 
o upon change of the pressure by Ap. The rela- 
tion is 
Sa ey Sable 
WAp  cAp  23V Ap‘ 


(1) 


For the alloy studied, the coefficient of compres- 
Aye. 
V Ap | 
ond term in the right member of (1) has a sign 
opposite to that of the observed value of AW/WAp 

in both alloys. It follows from this that the value _ 
of Ao/cAp also does not approach zero as T—0; 
consequently, the value of o9, for the alloy studied, 
changes under the influence of pressure. 

In Fig. 4 are shown curves that describe the 
variation with field of the magnitude of the differ- 
ential susceptibility « = AI/AH in strong fields 
at various temperatures. The dependence of k 
on temperature at H = 6700 Oe is described by 
the curve shown in Fig. 5; from the course of the 
curve itis clear that xk does not approach zero 
as T—0. Hence, as will be shown below, it can 
be concluded that the value of op, for the alloy 
studied, changes not only under the influence of 
pressure, but also under the action of a magnetic 
field. 

In Figs. 6 and 7 are shown curves that describe 
the variation with temperature of the values of 
AR/R,»Ap and AR/R,AH, respectively. Here AR 
is the change of electrical resistance, in the strong 
magnetic field region, upon change of pressure by 
amount Ap or of field by amount AH; Rj, is the 
electrical resistance at normal pressure and at 


sibility —12 x 107’ cem?/kg; thus the sec- 
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FIG. 6. Dependence on temperature of the relative change 
of electrical resistance of iron-nickel alloys with 38% nickel 
under the influence of pressure. 
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FIG. 7. Dependence on temperature of the relative change 
of electrical resistance of an iron-nickel alloy [composition: 


1) 38% nickel; 2) 45% nickel], for small increments of the mag- 


netic field at strong magnetic fields (in the range of the para- 
process). 


4.2°K. From the course of the curves in Figs. 6 
and 7 it is clear that the quantities AR/RjAp and 
AR/R,AH do not approach zero as T—0. The 
existence at T—0 of residual values of one of 
these quantities (AR/R,AH) had already been 
established.®»? 

Table I gives numerical values of some of the 
measured quantities. Table II gives their limiting 
values, obtained by linear extrapolation to T=0 


to the interval 1.7 to 4.2°K; the values (AI/AH po 
and (AR/RAH)*, were obtained by linear extra- 
polation to zero of the part lying in the interval 
20.4 to 53°K (cf. Figs. 5 and 7). 


DISCUSSION OF RESULTS 


We shall first show that the existence of resid- 
ual values of k and AR/R,AH at T—0 cannot 
be considered a consequence of the change of vol- 
ume of the lattice under the action of the magnetic 
field. The latter possibility is not excluded, since 
for the alloy studied (AV/VAH) pap = 
—(dAc/Ap) pay = 0 (6 is the value of the density). 
The differential susceptibility is 


(2) 
«= (ar), = (az), Gr)! = LS), + Gad | 


With the aid of known thermodynamic relations, it 
is easy to obtain 


Gee eae ae (3) 


By substituting (3) in (2), we get 


: 5 Oc (eke} 1 (OV 
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TABLE I 
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The first term in parentheses describes the 
changes of specific magnetization o (in strong 
fields) that are connected with orientation of the 
spins (paraprocess) and with increase of the num- 
ber of electrons contributing to ferromagnetism, 
purely as a result of the action of the field (at 
constant volume). The second term describes the 
changes of o that are connected with an increase 
of the number of electrons contributing to ferro- 
magnetism, or with their orientation, in conse- 
quence of a change of volume of the lattice. The 
third term, which is equal to the second term of 
(2), describes a trivial change of the magnetic 
moment density that is connected with a change 
of volume of the body in consequence of magneto- 
striction. By inserting in (4) the values of 680/0p 
obtained from our measurements and the value of 
aV/Vap, we can estimate the influence of volume 
magnetostriction on kx. The calculation gives, for 
the alloy with 38% nickel, the value 0.46 x 104 for 
the second term and —0.1 x 1074 for the third in 
formula (4). Both terms together amount to about 
20% of the value of x at 4.2°. Thus the main part 
of x at T—0 is determined by a direct and not 
an indirect effect of the field on go. 

The relative change of electrical resistance 
under the influence of pressure is 


AR A 1 AV 
: (5) 


Ripe rah poee eae ae 


Here Ap is the change of specific electrrcal re- 
sistance upon change of the pressure by Ap. The 
second term, for the alloy studied, amounts to 
4x107' cm?kg™, i.e., about 1% of the measured 
value of AR/RAp at ‘T.=4.2°K. 

The relative change of electrical resistance in 
strong magnetic fields (in the paraprocess region) 
under the action of the field is 


CaS 1 (/Ae\ (AV\ //AV a SVN 

° (aay ay e (ap Ja (SH) >/ im Jal ae 
The second term in this expression is analogous to 
the second term in (4) and represents the change 


of specific electrical resistance connected with a 
change of volume of the lattice on magnetization. 


; ; 1 [AV Ao 
By insertin 1 1 le (42) =- (42) 
Vy ing values o v \AH 6 Ap) y 


and of = (2%) it is easy to ante the mag- 
V \Ap Jy’ eae 
nitude of the second and third terms. The calcu- 
lation gives, for the alloy with 38% nickel, the value 
—2.5x10' Oe? for the second term and —2 x 


10° Oe! for the third. The larger of these values 
amounts to about 40% of the value of (AR/RAH )p 


ol P 
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at T =4.2°K. For the alloy with 45% nickel, we 
find correspondingly —0.16 x 107’ and —0.5 x 
10°. Thus the ultimate changes of electrical 
resistance with increase of field at strong fields, 
as T—0, cannot be explained entirely on the 
basis of the effect of volume magnetostriction. 
With the aid of formulas (1) and (4) to (6) and of 
the data obtained in the experiment, it is easy to 
find the limiting values at T—0 of the quanti- 


A 1 Ap 
ties of interest to us: = fo , = ) , 
Oy \Ap o Po Ap 0 


(Sc) , and 1 (22 . These values are 
AH/ vo Py \AH/ vo 
Ago 


The values of 6 a and 
Vo 


given in Table III. AH 


1 (42) are calculated by formulas (4) and (6); 
Vo 


py \AH 
Loy 1 (Ap 
6 (Ra) aAnGitss ( ) are obtained if in these 
AH/vo Po \AH/ vo 
A 
formulas we insert, instead of (=) and 
AH} oo 


an iS (=) a> Aa aLe ia basque 
Table II. Also given in Table III are the ratios of 
the limiting values mentioned; and in the last line, 


Roo — Ro ) 
Ro 


pees) , which describes the relation between 
0 
the changes of electrical resistance and of satura- 


tion magnetization upon change of temperature in 
the hydrogen temperature range.!? 

With the aid of the values of (Ac/cAp)y and 
(1/p))(Ap/Ap) given in Table III, it is possible 
to estimate the values of the dimensionless quan- 


tities ng = ee tse and a ~ (2) (ee 
0 p 0/ 


where Aa/a is the fractional change of the lattice 
constant of the alloy under the influence of pres- 
sure Ap; Aa/a x %AV/V. For the alloys under 
consideration, Aa/a ~ 4x107'Ap. By use of the 
values of quantities given in Table III, we get for 
the alloy with 38% nickel, ng ~ 15 and Np © 100; 
and for the alloy with 45% nickel, ng » 2.5 and 
Ny © 30. 

From a consideration of the quantities given in 
Table III it is clear that whether it is a pressure 
or a field that is acting, an increase of Oy is ac- 
companied by a decrease of py and vice versa. 


The values of the ratios — eae) 
pAp],/ \cAp /y 


(42.) 4s) ang Fao — Ro / Igo — ly 
PAH /yo/ \OAH/ vq’ Ro Ty 


are of a single order and close to one another; this © 


for comparison, is given the ratio ( 
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points to the existence of a close connection between 
the changes of oy and of py. We note that at fields 
of 6000 to 7000 Oe, the differential susceptibility k 
decreases with increase of field somewhat faster 
than does AW/WAp (cf. Figs. 2 and 4), and there- 
fore in stronger fields the ratios mentioned should 
become even closer. 

The existence of a connection between the changes 
of o) and of py» under the influence of pressure and 
field indicates that the value of og, like that of po, 
depends on the state of the conduction electrons. 
Changes of oy and py may be caused by: (1) tran- 
sitions of electrons from the s to the d shell on 
compression of the lattice, or contrary transitions 
on increase of magnetic field; (2) change of the 
spontaneous magnetization of the d electrons as 
a result of the influence of pressure or field on the 
magnitude of the d-d exchange integrals, when 
there is uncompensated antiferromagnetism in the 
alloy and some of the exchange integrals (dyj-dpe 
or dyji-dnji and dgre-dge) are negative; 

(3) change of the spontaneous magnetization of the 

s electrons as a result of the influence of pressure 
or field on the magnitude of the s-d exchange in- 
tegral. 

In the first case the observed signs of the changes 
in 0) and pp receive a simple explanation;* how- 
ever, the reason for the large effect of pressure 
on oo in the 38% alloy remains an open question. 

It also remains an open question why, in the alloys 
with 30 to 40% nickel (which according to our data 
show the largest changes of oy under the influence 

*We note that if the changes of o, and p, under the in- 
fluence of pressure are mainly due to the first cause, there 
arises a possibility of using the values of the ratio (Ap/pAp)o/ 
(Ac/oAp), for a rough estimate of the number x of conduction 
electrons belonging to one atom of the alloy. This estimate 
gives, for the alloy with 38% nickel, the value 


~ Po AS% 0.38 Ax,) = 0.2. 
x= 20, 529 (0.62 Are + G 


of pressure ), there are also observed appreciable 
changes of the spontaneous magnetization under 
uniaxial tension in the vicinity of the Curie point.° 
In the second case there is an explanation for the 
connection that exists between the change of oy 

and the shift of the Curie point under the influence 
of pressure; however, it is more difficult to explain 
the connection between the changes of o) andof p | 
in this case. The possibility is not excluded that 

in the changes of o) and pp under the influence 

of pressure and field, all the causes indicated 
above play a role. 
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The angular distribution and total cross section for the production of 7 


0 mesons in the 


n+p—7’+d reaction have been measured for 600-Mev neutrons. The experimental 
arrangement permitted the recording of coincidences between the deuteron and one of the 
m’ -meson decay quanta. Gamma quanta were recorded with a scintillation-counter tele- 
scope containing a lead converter. The deuterons were analyzed by means of a multi- 
channel magnetic spectrometer. The angular distribution, (0.220 + 0.222) + cos? 6 (in 


the c.m.s.), and the total cross section for the reaction, (1.5 + 0.3) x 10 


firm the charge-independence hypothesis. 
INTRODUCTION 


On E of the foundations of the contemporary phe- 
nomenolgical theory of strong interactions is the 
hypothesis of charge invariance of nuclear forces. 
An elementary analysis shows that none of our pres- 
ent experimental knowledge of strong interactions 
conflicts with this hypothesis. The most promising 
method of proving the conservation of isotopic spin 
at high energies is an exact quantitative study of 
pion production processes. We can obtain valuable 
information in this connection by comparing the 
pion production cross sections in the reactions 
p+por 4d, (1) 
n+por+d. (2) 
In 1952 Yang pointed out that if isotopic spin is 
conserved in meson-nucleon interactions the differ- 


ential cross sections for the given reactions should 
obey the simple relation 


9, (8) = 5 1 (8). (3) 
In other words, the pions produced in reactions (1) 
and (2) should have identical angular distributions 
while the total cross sections should have the 
ratio 2:1. 

Reaction (1) has been studied in detail by many 
workers (see the review in reference 1 as well as 
references 2 to 6) and we now possess informa- 
tion concerning this reaction from threshold up to 
proton energies of 900 Mev. The synchrocyclotron 
of the Joint Institute for Nuclear Research has been 


*Reported in November, 1957 at the third session of the 
Scientific Council of the Joint Institute for Nuclear Research. 
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used to investigate this reaction systematically in 
the energy region 460 to 900 Mev.*~® 

There are many difficulties associated with the 
study of reaction (2) compared with (1). These re- 
sult mainly from the small intensity of the neutron - 
beams, the broad neutron energy spectrum and, 
finally, the relative difficulty of identifying the 
reaction, since one of the produced particles (the 
7 meson) is neutral and decays practically in- 
stantaneously. These conditions are apparently 
the principal reason that only two studies of reac- 
tion (2) have thus far been reported in the litera- 
ture (references 7 and 8) and at only a single neu- 
tron energy of 400 Mev. In reference 7 only the 
7° -meson angular distribution was determined; 
the result obtained was (0.20 + 0.06) + cos? 6. 

In reference 8 measurements of both the angular 
distribution and the total cross section were given. 
It must be pointed out, however, that whereas the 
latter article gave the total cross section with ac- 
curacy ~ 20% (0; = (0.41 + 0.07) x 10°?" cm?), 

the accuracy of the angular distribution was clearly 
inadequate. As a whole these experiments with the 
given accuracy provided evidence of the fulfillment 
of Yang’s relation.? 

The investigations which will be described here 
were performed for the purpose of testing the charge 
independence of meson-nucleon interactions through 
a study of reaction (2) at an energy considerably 
above the meson production threshold. 


EXPERIMENTAL METHOD 


Because of the relatively weak neutron beam 
obtained from the synchrocyclotron (3 x 104 em™ 
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FIG. 1. Experimental arrangement. C)—Pb converter, 
T) —target (CH, or C), PF —pole faces of electromagnet; 1, 2. 
3, 4) — scintillation counters 


sec!) the experimental method and the apparatus 
must be as efficient as possible. We therefore 
used a system of recording the coincidence between 
the deuteron and only a single y quantum from the 
n> -meson decay. With 600-Mev neutrons this setup 
possesses an efficiency that is greater by a factor 
of several tens than that employed in reference 7, 
where three telescopes were used to register the 
simultaneous production of two y quanta and the 
deuteron. 

For deuteron momentum discrimination we 
used a magnetic spectrometer which permitted 
the definition of a relatively narrow energy in- 
terval in the primary neutron spectrum. The ex- 
perimental procedure also took into account the 
necessity of excluding particles from the reaction 


n+p—>r+n-+ p, (4) 


which could seriously distort the results. This 
was easily accomplished by the method of using 
the magnetic spectrometer in the deuteron-re- 
cording channel. 

A diagram of the experimental setup is shown 
in Fig. 1. The neutron beam passed through a 
collimator in the form of a vertical slit and struck 
a polyethylene (CH,) or graphite (C) target. 
The effect due to hydrogen was determined from 
the difference of the CH, and C effects. For 
different deuteron-energy intervals (different 
angular intervals in the center-of-mass system ) 
two different pairs of targets were used (with 
CH, thicknesses of 6 g/cm? and 2 g/cm?) in 
order to minimize the corrections for multiple 
scattering of deuterons in the targets. The graph- 


ite and polyethylene targets contained the same 
number of carbon nuclei. The results obtained 
with targets of different thicknesses agreed in 

general. 

The y quanta from m -meson decay were 
registered by a telescope set up in the direction 
of 7’-meson motion in the laboratory system. 
The telescope consisted of three scintillation 
counters (with diameters of 90, 120 and 125 
mm) preceded by a lead converter of 7 mm thick- 
ness and 90 mm diameter. The fourth counter, 
which was in front of the converter, was connected 
in anticoincidence with the others and served to 
reduce the background from charged particles. 
The scintillation counters contained solutions of 
terphenyl in toluene or phenylcyclohexane, the 
containers of which were made of duraluminum 
or plexiglas. 

To eliminate the influence of the magnetic 
field, the photomultipliers were screened by iron 
5 mm thick. Additional screening was provided 
by the external iron jackets of the counters. The 
effectiveness of the screening was tested by the 
y count with the magnetic field on and off. At 
the high voltage of the photomultipliers the tele- 
scope plateau was about 200 v with a slope of not 
more than 10%. The energy threshold of the y- 
ray telescope, which was determined by the thick- 
ness of the scintillators, was quite low (~ 25 Mev). 
The low threshold was necessary in order to mini- 
mize the variation of telescope efficiency as the 
gamma-ray energies varied within the limits 140 
< E,, = 400 Mev. 


THE MAGNETIC SPECTROMETER 


0 


The spectrometer was constructed with an elec- 
tromagnet of 18,000 Oe maximum field and 60 mm 
gap. An analysis of all the required experimental 
conditions (the required energy and angular reso- 
lutions, maximum efficiency with minimum back- 
ground, minimum number of channels, etc.) led 
to the spectrometer shown in Fig. 1. 

The fast-deuteron detectors were thin-walled 
(0.15 mm steel) counters filled with methylal 
(CH,OCH3) operating with “limited proportional- 
ity” at high voltages (1700 to 2100 v). These 
counters were arranged in three groups along 
the deuteron trajectory close to the edges of the 
pole faces. Figure 1 shows the counter system 
for registering deuterons in coincidence with a 
single y-ray telescope. When permitted by the 
geometry, the time required for the measure- 
ments was reduced by the use of two such sys- 
tems with a common target. The counters of 
groups a and b had the following dimensions: 
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diameter 10 mm and length 100 mm; the dimen- 
sions of group c were 18 and 300 mm, respec- 
tively. 

The coincidence combinations of counters were 


based on the required form of the resolution curve. 


Each counter of group a was connected in coinci- 
dence with only a single tray of counters b (four 
counters) and with all the counters of group c. 
The energy resolution was thus determined by the 
width of a single counter of a and of a-single row 
of group b. For each angle the readings of four 
coincidence groups of type aj +bj were added. 
The angular resolution of the system, as deter- 
mined by the width of counter tray a, was se- 
lected to be 1.5° in the laboratory system. 

The angle at which deuterons were registered 
was varied by shifting the counter groups a and 
b along the edges of the pole faces. The entire 
interval of deuteron angles (with 14° maximum 
laboratory-system angle of deuteron emission) 
was covered in two positions of the magnet with 
respect to the neutron beam. 

The counters were adjusted on the deuteron 
trajectory by means of a current-carrying fila- 
ment in the magnetic field. For most angles the 
error in the cross section that was associated 
with the adjustment of the counter positions did 
not exceed 1 or 2%, but the error was 7% for four 
c.m. angles of deuteron emission into the backward 
hemisphere. This relatively large error resulted 
from the fact that for different neutron energies 
the deuterons have very close energies in the labo- 
ratory system. The relative positions of counters 
a and b gave only the energy threshold, which 
corresponded to ~550-Mev neutrons. The maxi- 
mum deuteron energy was determined by the upper 


FIG. 2. Block diagram of the electronic 
circuit. Ty) y telescope, P) pulse-shaping 
univibrator, G) test-pulse generator, 

‘, AC) amplifier and cathode follower, S) scaler, 
‘ N) neon lamps; the rest of the notation is 
explained in the text. 
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limit of the neutron spectrum. 

A block diagram of the electronic circuit of the 
spectrometer is shown in Fig. 2.* Pulses from 
counters a, b and c were fed to standard UPI-1 
pulse-converting amplifiers with a passband of 
1 Me and gain of 10‘, in the output stages of which 
4or5x107'-see 8-volt pulses were formed. The 
total number of amplification channels for the two 
systems of gas-filled counters was 18 (Figs. 1 
and 2 show only one of these systems). Signals 
formed in UPI-1 were “split” in each channel ex- 
cept channel c and were fed to the mixer (A or 
B) and bandpass circuit Bp. Standardized pulses 
from the two mixers, y-ray telescope, and select- 
ing counters c were fed to a fourfold coincidence 
circuit cc (resolving time 5 x 107’ sec), which 
sent a master pulse to the bandpass circuits Bp. 
The latter passed pulses from gamma-deuteron 
coincidences to “slow” output univibrators (OU) 
and almost completely prevented accidental ground 
pulses from reaching these univibrators. 

The required combinations of discharged coor- 
dinated counters following the passage of a particle 
were selected by the relays R in the plate circuits 
of the output univibrators. These combinations and 
their sums were counted by electromechanical 
counters (T, Y, 2, ajby, agbg etc.). 


CONTROL EXPERIMENTS 


1. To verify that the particles registered by the 
spectrometer were actually deuterons we measured 


*For a portion of the electronic equipment of our spectro- 
meter we used the circuits placed at our disposal by the de- 
signers of the multi-channel y-ray spectrometer developed at 
the Laboratory for Nuclear Problems. ? 
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FIG. 3. Curves of deuteron absorption in copper. 
a) 6g:= 62; b) 04 =9°. Us 
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the absorption curves of these particles in copper 
for two angles of 7’ -meson emission, Oy = 34. 
and 146°.* The resulting curves (Fig. 3) leave no 
doubt that the events recorded by the apparatus 


were coincidences between y quanta and deuterons. 


The steep slopes of the curves are located exactly 
at the centers of the range distributions which can 
be expected from the kinematics of the reaction 
(the arrows d in Fig. 3). The range of protons 
with the same momentum is approximately double 
the range of the deuterons. 

2. The use of a magnetic field to register deu- 
terons and the selected energy threshold (E7 = 
550 Mev) permits the complete exclusion of par- 
ticles from reaction (4) for most investigated 1° - 
meson angles. The angular range where such ex- 
traneous particles are absent corresponds to 
deuterons emitted forward in the c.m. system and 
having “large” momentum in the laboratory system 
[in Fig. 4 the branches of the curve that lie above 
the limit of possible momenta of protons from re- 
action (4)]. It also follows from Fig. 4 that, on the 
contrary, in the “small” momentum region corre- 
sponding to deuterons emitted “backward” in the 
c.m. system (the branches of the curves that lie 
below the dotted line) a proton contribution is 
possible. Four points in this region were meas- 
ured on the ’-meson angular distribution curve 
(at 0* = 27, 34, 40 and 50°). For two of these 
angles (6% = 34 and 50°) the percentage of protons 
coinciding with 7? mesons was determined by 
means of filters placed in front of counters c. 
Reaction (4) was easily distinguished because of 
the different ranges of deuterons and protons with 
the same momentum. The measurements indi- 
cated a small proton component: For or = 34° 
it was (6.5+5.9)% andfor 07 = 50° it was 
(0.243-4)% of the principal effect [reaction (2)]. 
For the other two angles the percentage was de- 
termined by linear interpolation and extrapolation 
of the data. 

3. In order to verify that the recorded y quanta 
are actually decay products of 7m -mesons from re- 
action (2) we have investigated the angulag corre- 


*Here and henceforth the symbol * denotes angles in the 
c.m. system of colliding nucleons. 
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lation of the y quanta and deuterons. This ex- 
periment was performed at 6% = 108°. The re- 
sults are shown in Fig. 5, where the abscissas 
are the angles between the telescope axis and the 
direction of 7°-meson motion. The curve in the 
figure was calculated for a mean neutron energy 
of 600 Mev. The correlation is clearly observed. 


EFFICIENCY OF THE y-RAY TELESCOPE 


The telescope when pointed in the direction of 
a -meson motion registered the most energetic 
y quanta resulting from decays (from 150 to 400 
Mev, depending on the angle of observation). To 
determine the relation between the telescope effi- 
ciency ky and y-quantum energy, we performed | 
additional experiments on the passage of fast elec- 
trons through converters of different thicknesses. 
The results of these experiments make it consid- 
erably easier to calculate the efficiency. When 
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FIG. 4. Momentum of deuterons from reaction (2) as a func- 
tion of their laboratory system emission angle and incident 
neutron energy. Dotted line — maximum momentum of protons 
from the reaction n+ p> +n+p, E, = 650 Mev. 
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FIG. 5. Counting rate as a function of the angle D be- 
tween the telescope axis and the direction of 7°-meson motion. 
The solid curve represents the function (1—7)/(1—B cos ®)’. 


experiment gives us the probability of registering 
an electron q~ and of a positron q‘ the proba- 
bility of registering the pair is easily determined 
to be 


4=1—(1—q)(1—9q"). (5) 


The probability W of electron-positron pair 
production is easily calculated from the experi- 
mental cross sections!® for y-ray absorption 
(where we can neglect the Compton effect and, 
with even greater justification, the photoelectric 
effect for energies on the order of 100 Mev). The 
probability product nW gives the telescope effi- 
ciency for y rays of a given energy. 

Figure 6 is a diagram of the experiment for 
determining q. The lead target produced elec- 
trons of the required energy by converting y rays, 
which are always present in high-energy neutron 
beams. These y rays are derived from the 7° 
mesons produced in the internal target of the syn- 
chrocyclotron. The conversion electrons were 
deflected by the magnetic field, passed through 
the collimator of 2 cm diameter and entered the 
telescope (anticoincidence counter 4 (Fig. 1) was 
removed in these experiments). This experiment 
compared the telescope counting rate when the con- 
verter was used with the primary electron beam 
intensity. The variable parameters were the con- 
verter thickness t, the positron energy Et, and 
the distance r from the center of the last scin- 
tillator to the beam axis. 

In calculating the probability of recording a 
pair the quantities calculated by means of (5) were 


FIG. 6. Diagram of experi- 
ments for determining y-tele- 
scope efficiency. T) Pb target 
(t = 2 mm), PF) pole faces of 
electromagnet, C) Pb con- 
verter of variable thickness; 
1, 2, 3) scintillation counters. 
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averaged over a number of values of ET, r, and 
the converter area. In this calculation it was as- 
sumed that the telescope possesses identical effi- 
ciency for electrons and positrons of different en- 
ergies. Integration of the telescope efficiency 
(the product 7W) over the converter thickness t 
gives the coefficient ky, for a given y-ray energy. 
Because of the geometry employed (large con- 
verter area), a fraction of the electrons may not 
reach the rear counter even if emitted from the 
converter in the direction of the y rays. Asa 
result some portions of the converter are less 
efficient. Therefore the effective solid angle is 
smaller than the actual angle viewed by the con- 
verter in the telescope. 

The results for ky, reduced to the effective 
solid angle, which in the majority of measurements 
was 8.5 x 107? radians, are given in Table I. 

The accuracy of the relative efficiencies was 
quite high (above 5%). In measurements of the 
absolute yield of reaction (2) the error in the ab- 
solute value of k, was reduced by the use of an 
unusually small converter (4 mm thickness, 60 
mm diameter ). 

By means of the foregoing method of calculating 
the efficiency, we also determined corrections for 
its dependence on the distance between the tele- 
scope and target (in measurements at small angles 
the telescope was moved away from the target so 
that the neutron beam would not strike its walls). 


TABLE I 


ot , degrees 


27-49 


94 | 132 146 152 164 


Average y-ray energy (lab. system), 
Mev 
Telescope efficiency, ky 


173 | 163 | 150 
0.54 | 0.53 | 0.54 


280 
0.58 


200 
0.56 


THE n+p — 7° +d REACTION 


The efficiency ratio of the two y-ray telescopes 
used in the experiments was measured separately. 
For this purpose one telescope was replaced by 
the other at one of the test angles (the apparatus 
recorded the reaction n+p—7+d). From the 
ratio of the counting rates in these two instances, 
Ny: N, = 0.97 + 0.05, it can be inferred that the 
telescopes possessed nearly identical efficiency, 
despite the small difference of geometry. 


MEASUREMENTS 


In each series of measurements the effect of 
the CH, and C targets was determined with and 
without the presence of the converter. As a con- 
trol, the background was also measured in the ab- 
sence of the target. The effect produced by the 
reaction under investigation was determined by 
the difference 

A = (Néu, — NGs,) — (WE — NES. (6) 
Here N is the counting rate for different targets. 
The superscripts c and nec denote “with con- 
verter” and “no converter”, respectively. 

Under the given experimental conditions the 
counting rates for the thin targets (2g/ em? CH) 
which were used in most of the measurements 
had the following average values: 


TABLE II 


Counting rate 
with converter, 


pulses/hour 


Counting rate without 
converter, pulses/hour 


CH 12 3 
Cc 3 aLsiss 
Background 025 AU 


The results show that a carbon target produces a 
relatively small effect. This fact is of independent 
interest since it indicates a characteristic of 1° - 
meson production in reaction (2) with nucleons of 
complex nuclei. In the given experiment the small- 
ness of N@ compared with NGuH, played a very 
important part, since it enabled us to obtain results 
of sufficiently high accuracy in a reasonable period 
of time. 

Measurements in which we introduced an arti- 
ficial delay of pulses fed from the telescope to the 
common coincidence circuit (cc in Fig. 2) showed 
that accidental coincidences of pulses from the tele- 
scope and spectrometer were responsible for most 
of the count in the absence of the converter. The 
rise of the background and of the count without the 
converter as well as the reduced useful effect due 
to the necessity of separating the telescope from 
the target in measurements at angles close to 0° 
and 180° were the principal difficulties in meas- 
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urements near these angles. 

For measurements of deuteron absorption in 
copper and the determination of the contribution 
of particles from reaction (4), it was very impor- 
tant to take into account the background of acci- 
dental coincidences of the entire system with the 
last layer c of spectrometer counters. This back- 
ground was determined by shifting counters c 
away from the deuteron trajectory. 


REDUCTION OF EXPERIMENTAL RESULTS 


The relative counting rates for different angles 
of deuteron emission are proportional to 


AGi= \ 3 (04, En) [dcos 03 /d ¢os 64] 


; (7) 
x €4(8a, En) &e (82, En) Nn (En) dEn. 


Here ad is the c.m. deuteron angle, 6q is the 
deuteron angle in the laboratory system, o( 00, En) 
is the c.m. differential cross section of reaction (2), 
€q(9q, En) is the curve of spectrometer resolving 
power, Ny ( En) is the energy spectrum of the neu- 
tron beam (known from reference 11), éq = 

ky (4 — 6”)/[1—B cos &(Epn)]* is the efficiency of 

m -meson registration, where ® is the angle be- 
tween the telescope axis and the 7 -meson path 
(laboratory system), B is the 7 -meson velocity 
(laboratory system) and ky is the telescope ef- 
ficiency for y rays (see above). All quantities are 
given in arbitrary units. The function (1 =p*)/ 

(1— Bp cos 4)? expresses in relative units the 
angular distribution of y rays from the decay of 

nm? mesons. 

The resolving power curves §q(9q, En) are 
determined from the spectrometer geometry and 
target dimensions. These curves were first cal- 
culated analytically for a parallel incident beam; 
the results were then integrated numerically over 
the angles of deuteron entrance into the spectrom- 
eter. The calculation took into account the finite 
dimensions of the target and counters. The re- 
solving power curves obtained in this manner had 
the shape of trapezoids with rounded corners. 

It is impossible to determine exactly the form 
of the function o(@*, E,) from measurements 
performed with a relatively broad neutron spec- 
trum and a detector with constant energy threshold. 
In the present experiments, in order to overcome 
this difficulty, the angular distribution of products 
of reaction (2) and the absolute value of the total 
cross section were obtained for an average effec- 
tive value of neutron energy. It was assumed that 
the angular distribution of reaction products is in- 
dependent of neutron energy in the energy range 
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covered by the detector, i.e., that 
3(0,En) =f(0)s (En). (8) 
Using (8) in (7), we obtain 


° . dcos 0, ae ; 
A (9a) ~\ i (6a) aes cdon? (Pe)) Nn (En) GEn 


0 


(9) 
= | (En) (En) dE. 


In the second integral N(Ey,), the meaning of 
which is clear from the equation, has the same 
dimensions as the neutron spectrum, so that it 
can be called the effective neutron spectrum. 
This new designation is introduced for simplicity 
in what follows. Figure 7 shows a neutron beam 
energy spectrum!! measured with a magnetic spec- 
trometer and a typical effective neutron spectrum. 
Since the integrand contains the still undeter- 
mined function f( 04) the experimental results 
were treated by the method of successive approxi- 
mations. In the first approximation it was as- 
sumed that the neutron energy spectrum can be 
represented by a straight line at the height of its 
maximum (at 600 Mev). The angular distribution 
is then easily obtained by means of the simplified 
equation which follows from (9): 


f (82) ~ A (8a) / [dcos 93 / d.cos 84] Ex (84). (10) 


f; (04) obtained in this manner was already close 
to its final form. The second approximation was 
determined from the first approximation by taking 
into account the neutron-energy dependence of ail 
quantities in (9). Corrections to the first approxi- 
mation amounted to less than 8% for all 7° -meson 
angles and were occasioned mainly by the earlier 
assumption regarding the shape of the spectrum. 
The calculation could thus be confined to the sec- 
ond approximation for f(@*). 

It must be noted that the angular distribution 
thus obtained depends on the assumed form of the 
excitation function o(E,) for the given reaction. 
For the purpose of determining the sensitivity of 
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FIG. 7, Solid curve — energy spectrum of neutron beam, 
broken line — effective neutron spectrum. 


the results to the form of this function the cross 
sections were calculated for several angles using 
two extremely different excitation functions: 

(1) One excitation function describing the cross 
section for meson production in reactions (1) and 
(2) at low energies was 


o~ 0.14 + 1.078, (11) 


where 7 is the c.m. meson momentum; (2) the 
other excitation function for reaction (1) with 460 
to 660 Mev protons is that given in references 4 
to 6. 

The calculations showed that the angular dis- 
tribution is insensitive to the form of o(Ey). For 
a number of angles there is a variation of less than 
5% in the ratio of the cross sections obtained using 
the two different functions. The second form for 
the energy dependence of the cross section, will be 
used for the final results given in the present ar- 
ticle. 

Figure 8 gives the final angular distribution 
measurements for 7’ mesons from reaction (2). 
The indicated errors include the following: errors 
in determining the relative efficiency ky (~5%) 
as well as in measurement of the relative number 
of protons from reaction (4) at small angles (6%), 
errors associated with the arangement of the spec- 
trometer counters (1 to 7%), inaccurate deter- 
mination of relative telescope efficiency (5%), 
and statistical experimental errors. The solid 
curve in Fig. 8 was obtained by the method of 
least squares and represents the expression 


f (0°) = (0,220 + 0.022) + cos? 6”. (12) 
TOTAL CROSS SECTION MEASUREMENT 


Using the known angular distribution f(6*) 
(in relative units) the total cross section for the 
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FIG. 8. Angular distribution (c.m. system) of 7° mesons 
from the reaction n+ p> 7° +d with 600-Mev Neutrons. 
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TABLE III 
Energy of Total 
See : Angular al cross 
frie uatics Reaction distribution on Reference 
980 ptport+td |(0,216-+-0.033) +cos? 0*) 3.10+0,24 a 
600 ntpor+d |(0.220+0.022) +cos? 6*] 1.5 +0.3 Present 
i experiment 
660 ptport+td |(0.23 +0.03) + cos? 6*| 3,1 +0,2 eI 
610 p+port+d 3.15+0,22 


reaction in question could be obtained by measur- 
ing the differential cross section in absolute units 
for one of the angles. This was accomplished 
through simultaneous measurement of the counting 
rate for the given reaction and the counting rate 
for recoil protons produced in the same target 
through elastic n-p scattering, the cross section 
for which is given in reference 12. Recoil protons 
were registered by one of the y-ray detectors 
while excluding the anticoincidence cirucit and the 
converter. It was thus unnecessary to redetermine 
the relative efficiency of the telescopes used in 
the experiment. To permit direct use of the (n-p) - 
scattering data the proton detector contained an 
absorber which furnished an energy threshold 
(Eth) identical with that of the detector in refer- 
ence 12. The proton counting rate was determined 
at laboratory system angle 60°, since in reference 
12 the differential cross section for n-p scatter- 
ing was determined most exactly at that angle. 

If the effective energy is defined as the argument 
of the excitation function o(Ey) at o(En) =9, 
where 


\ 6 (E,,) N (E,) dE, 
0 


oo ; (13) 
\ N(E,) dE, 
0 
our experiment determines the differential cross 
section at the effective energy (Eeff) to be 


do(0,) v2, AO, A, Ee 
dor = |d@ AO, A, 


(14) 


where dopp/d® is the laboratory system elastic 
(n-p) -scattering cross section; AQp and AQg 
are the solid angles seen by the proton and neutron 
detectors, respectively; A, and A), are the count- 
ing rates for nm? mesons produced in reaction (2) 
and for recoil protons from elastic n-p collisions; 
Ny (Ey) is the neutron spectrum; N’(E,;,) is the 
effective neutron spectrum for reaction (2), suit- 
ably normalized [unlike the unnormalized N ( En)I. 
Following the previously-described method, 


Eq. (14) was used to determine the absolute cross 
section for reaction (2) at on = 138°. In determin- 
ing the recoil proton flux Ap a correction was in- 
troduced for the 7* mesons produced in n-p col- 
lisions. According to reference 12, this correction 
was 17%. 

The differential cross section obtained by means 
of (14) is entirely independent of the form of the 
excitation function o(Ey,). However, the effective 
energy to which the cross section refers varies 
somewhat with o(Ey,). Calculations show that the 
effective energy at OF = 138° changes from 590 to 
605 Mev for the two forms of o(Ey) given in the 
preceding section. The final value of the total 
cross section for reaction (2), which is given below, 
refers to an effective neutron energy of 600 + 10 
Mev. 

From the obtained angular distribution f(0@*) 
and the absolute cross section at 07 = 138° the 
total cross section is given by 


o, = (1.5-.0.3)-10°? em? 


The error in this cross section includes in addition 
to the statistical error of measurement (7.5%) the 
following: errors in determining the total and dif- 
ferential cross sections for elastic n-p scattering 
(12 and 6.5% respectively), errors in measuring 
the absolute efficiency of the y-ray telescope 
(10%) and of the magnetic spectrometer (7%), the 
error in determining the relative efficiency of the 
telescopes (5%), and the error in extrapolating 
the angular distribution to large and small angles 
(2%). 

DISCUSSION OF RESULTS 

Let us examine our results from the point of 
view of charge invariance. For this purpose we 
shall compare our data with the measurements 
given in the literature for the angular distribution 
and total cross section for reaction (1) at energies 
close to 600 Mev. The data are summarized in 
Table III. 

The table shows that the angular distributions 
of mt mesons from reactions (2) and (1) at similar 
energies are the same with a good degree of accu- 
racy. However, the total cross sections at prac- 
tically equal energies differ by a factor of 2. 
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It may be noted here that reference 6 gives a 
somewhat larger value of the constant in the angu- 
lar distribution of 7 mesons from reaction (1) 
at proton energies of 633 and 660 Mev. However, 
when the energy dependence of this constant that 
is given in reference 6 is extrapclated to 600 Mev 
we obtain a value close to ours for reaction (2). 
Thus the experimental results obtained for reac- 
tion (2) and a comparison with the results for re- 
action (1) at identical nucleon energy (600 Mev) 
show that Yang’s relation is fulfilled, thus con- 
firming the charge invariance hypothesis for 
meson-nucleon interactions. 

Independently of the existence of charge in- 
variance, the rapid growth of the cross section 
for reaction (2) with increasing energy and the 
shape of the angular distribution permit us to 
infer that at 400 to 600 Mev a’ mesons are pro- 
duced principally in the p state. This conclusion 
is not in conflict with the conservation of isotopic 
spin. In addition, the fact that it is satisfied for 
meson-nucleon interactions permits the direct 
application to reaction (2) of a number of laws 
known for reaction (1). For instance, we can 
state that the energy dependence of the total cross 
section for reaction (2) is of resonant character 
similar to that which was established for reaction 
(1) in references 5 and 6. Furthermore, in ex- 
periments on the asymmetry of mt -meson emis- 
sion in reaction (1), which were recently performed 
using a polarized proton beam,!* a d-wave com- 
ponent was detected. This can also be applied to 
reaction (2). 

It is known that for a number of transitions that 
are accompanied by the emission of 7 mesons in 
the d state the angular distribution is character- 
ized by the presence of a term that is proportional 
to cos‘ @.* An attempt to detect this term through 
the representation of our experimental results by 
the polynomial a + cos? @* + cost 6* showed that 
the coefficient of cos* @* is small and is deter- 
mined with an error which is twice its own magni- 
tude. Similar results for reaction (1) were previ- 
ously given in reference 5. The authors of refer- 
ence 13 state that their data are also in agreement 
with the assumption of smail amplitudes for transi- 
tions with the emission of t’ mesonsin s and d 
states compared with the amplitude of the transition 
1D, — 3Sip. (in Rosenfeld’s notation!). 

When our results are considered in connection 
with the recently advanced hypothesis! of the ex- 
istence of a pseudoscalar 7} meson with zero 
isotopic spin and mass close to that of an ordinary 
m™ meson, we cannot exclude the possibility that 

the former are produced in the reaction n+p — 


7) +d. But the data permit us to infer that the 
given reaction would yield a relatively small num- 
ber of 7? mesons, if any, compared with the yield 
of 7’ mesons.* In this connection it must be re- 
membered that the relatively small probability of 
the production of the hypothetical m7 mesons could 
result from the resonant character of ordinary q- 
meson production in reaction (2) (with T=%, 
Wah). 

The authors wish to thank Iu. D. Baiukov, M. S. 
Kozodaev, A. A. Markov, A. N. Sinaev, and A. A. 
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also wish to thank L. I. Lapidus and B. M: Ponte- 
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of the apparatus. 


14H. Rosenfeld, Phys. Rev. 96, 139 (1954). 

2C. E. Cohn, Phys. Rev. 105, 1582 (1957). 

3 Batson, Culwich, and Riddiford, Preprint, 
Birmingham, England. 

“Meshcheriakov, Neganov, Bogachev, and Sido- 
rov, Dokl. Akad. Nauk SSSR 100, 673 (1955). 

5M, G. Meshcheriakov and B. S. Neganov, Dokl. 
Akad. Nauk SSSR 100, 677 (1955). 

6B, S. Neganov and L. B. Parfenov, J. Exptl. 
Theoret. Phys. (U.S.S.R.) 34, 767 (1958), Soviet 
Phys. JETP 7, 528 (1958). 

TR. H. Hildebrand, Phys. Rev. 89, 1090 (1953). 

8R. A. Schluter, Phys. Rev. 96, 734 (1954). 

9 Baiukov, Kozodaev, Markov, Sinaev, and 
Tiapkin, [Ipudopp1 u TtexHuka okcnepumMenta 
(Instruments and Measurements Engineering ) 

(in press). 

10 De Wire, Ashkin and, Beach, Phys. Rev. 83, 
505 (1951). 

11 Kiselev, Oganesian, Poze, and Fliagin, 

J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 812 (1958), 
Soviet Phys. JETP 8, 564 (1959). 

Ty. M. Kazarinov and Iu. N. Simonov, J. Exptl. 
Theoret, Phys. (U.S.S.R.) 31, 169 (1956), Soviet 
Phys. JETP 4, 161 (1957). 

ae Akimov, Savchenko, and Soroko, J. Exptl. 
Theoret. Phys. (U.S.S.R.) 35, 89 (1958), Soviet 
Phys. JETP 8, 164 (1959). 

“4 A. M. Baldin, Nuovo cimento 8, 569 (1958). 


Translated by I. Emin 
184 


*We do not give a more exact quantitative estimate of the 
m-meson yield, which could in principle be obtained by using 
our data, since any such estimate would require a specific 
assumption regarding the form of the 7}-meson angular dis- 
tribution. 
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The electron capture and loss cross sections have been measured for carbon and oxygen 
atoms with energies between 10 and 65 kev in collisions with He, Ne, Ar, Kr, Xe and Hp, 
N, and O, molecules. The electron capture cross section for fast atoms increases with 
increasing electron affinity. The electron loss cross section for fast atoms is a non-mono- 
tonic function of the first ionization potential of the atom. Massey’s adiabatic criterion is 
found to apply for electron capture by fast atoms. The value of the constant a in these 


processes is 3A. 
INTRODUCTION 


In an earlier work! we have measured the elec- 
tron capture and loss cross sections for collisions 
between fast hydrogen atoms and gas molecules. 
It is of interest to extend this investigation to 
other atoms in order to determine the influence 
of the electron affinities of the fast atoms on the 
electron capture cross section 0 )-, and the effect 
_of the ionization potential on the electron loss 
cross section 0 ;. It is reasonable to expect that 
the main effect will be due to the configuration of 
the electron shell of the fast atom. However, the 
possibility is not excluded that there will be a cor- 
relation between the cross sections o)_; and oy 
and the binding energy of the electron in the nega- 
tive ion which is formed and the binding energy of 
the electron which is detached from the fast atom. 
In the present work these problems were stud- 
ied by measuring the cross sections oo, and 09, 
for fast carbon and oxygen atoms. These atoms 
were chosen on the basis of the following consid- 
erations: (1) the electron affinity of H, C and O 
atoms is an increasing function which takes on the 
following values 0.75, 1.13 and 1.48 ev;” (2) the 
ionization potentials are the same in H and O, 
but the electron shell configurations are different 
(1s! and 1s? 2s? 2p* respectively); (3) the ion- 
ization potential of the C atom is smaller than 
that of the H and O atoms. 


RESULTS OF THE MEASUREMENTS AND 
DISCUSSION 


The experimental setup for investigating elec- 
tron capture and loss in fast atoms and the method 
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of measuring o9-; and 69; has been described in 
detail in reference 1. 

A beam of fast C and O atoms was obtained 
by neutralizing Ct and O* ions which passed 
through a mercury-vapor target.? The optimum 
target thickness was chosen (of the order of 101° 
atoms/cm?) and it was verified experimentally 
that the energy loss of the C* and O?* ions in 
the target was very small. 

The electron capture and loss cross sections 
were measured for C and O atoms with ener- 
gies between 10 and 65 kev in collisions with He, 
Ne, Ar, Kr, Xe andthe molecules Hy, N, and 
O,. Thevalues of o)-, and 0), for each energy 
were obtained by averaging two measurements. 
The cross sections were computed for particles 
of a gas, i.e. for molecular gases consisting of 
one kind of gas molecule. The random error in 
these measurements of oy-; and oo was +15%. 
The error in the measurement of the energy of 
the C and O atoms was + 3%. 

Figures 1 to 8 show the cross sections 0), 
and 0); as functions of the energy and velocity 
of the C and O atoms for atomic and molecu- 
lar gases. An examination of these curves indi- 
cates the following. 

1. For the majority of atom-molecule pairs, 
Go-1 and oy increase with increasing energy of 
the C and O atoms. For the pairs O-Xe, O-Kr, 
and C-Xe, however, 0)-; passes through a max- 
imum as the energy is increased. For O-Ar and 
C-Kr the curve o).,=f(E) reaches a plateau 
at the extremity of the energy region. 

2. Oo-; and 0; are fairly sensitive functions 
of the type of gas particle. For the c°’—C™ and 
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FIG. 1. Electron capture cross sections for carbon atoms in 
inert gases: @) Xe, @) Kr, O) Ar, A) Ne, ©) He. 
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FIG. 3, Electron capture cross 
section for oxygen atoms in inert gases: 
m) Xe, @) Kr, 5) Ar, A) Ne, 0) He. 
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FIG. 6. Electron loss cross 
sections for carbon atoms in molecular 
gases: ®) H,, 4) N,, @) O,. 
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FIG. 4. Electron capture cross 
section for oxygen atoms in 
molecular gases: @) H,, A) N,, @) O,. 


Particle energy, kev 
2 30 40 50 60 


10 


Y/ 


7 I-10. 


v, cm/sec 


8 


FIG. 7. Electron loss cross section 
for oxygen atoms in inert gases: 
®) Xe, @) Kr, O) Ar, A) Ne, ©) He. 


FIG. 5. Electron loss cross section 
for carbon atoms in inert gases: 
@) Xe, @) Kr, O) Ar, A) Ne, 0) He. 
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v, cm/sec. 
FIG. 9. Electron capture cross 
sections: @) d9,, 4) d)_,, ®) 0,_, for carbon; 
A) 05-1, ©) 0,_, for oxygen (in Xe). 


0° — O7 reactions in inert gases the values of 
Oy-; are the same at the same atomic velocities 
and fall off monotonically as the atomic number 
of the inert gas is reduced. For O° — Ot reac- 
tions, on the other hand, 0); increases as the 
atomic number of the inert gas is reduced. In the 
Cc’ — ct reactions these cross sections are non- 
monotonic functions of the atomic number of the 
gas. In molecular gases, a monotonic dependence 
of cross section on atomic number of the gas is 
observed only for o 9; in the O°— 0? reactions, 
in which case this quantity increases with the 
atomic number. 

3. The cross sections 0); and 09; are also 
functions of the type of fast atom. oy-; is larger 
for O atoms than for C atoms. On the other 
hand oy, is smaller for O atoms than for C 
atoms. 

4. For O atoms in the light inert gases He 
and Ne and the molecular gases Ny and Op, 

Oo, is greater than oy-,; in the heavier inert 
gases Ar, Kr, and Xe, itis smaller. In the 
ease of C atoms 094 >0-; for all gases except 
Xe, in which case 09; ~ Go-1- 

The literature contains no data concerning the 
c°—c and O?—O reactions; thus we cannot 
make a comparison of these results with other 
experiments. 

It is of interest to compare oy-, and oy, with 
other electron capture and loss cross sections in 
carbon and oxygen. The data available in the lit- 
erature allow a comparison between 09; and 
o,-; for capture of two electrons by C™ and Ot 
ions‘ for all the gases investigated and with the 
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FIG. 10. Cross sections for the 
capture of one electron in 
atoms: @) O, 4) C, e) H (in Xe). 
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FIG. 11. The dependence of 
05-1 max On electron affinity: 
O) Ar, ©) Kr, @) Xe. 


cross section 09, for capture of one electron by 
Ct ions® in Ar, Kr, Xe, and Hp. 

In Fig. 9 are shown the quantities 0);, 0 -1, 
and o;-, as functions of the carbon velocity and 
Oy-1 and o;_, for oxygen (target atom, Xe). It 
is evident from these curves that the electron cap- 
ture cross sections for carbon obey the relation 
091 > O9-1 > 01-4 Which also applies for the capture 
cross sections in hydrogen (cf. reference 1). 0 
is approximately two orders of magnitude greater 
than 09-; and oj-14. 0-4 is two or three times 
greater than 0,4. The ratio o9-;/o;-,; is smaller 
for oxygen than for carbon. The characteristics 
of the electron capture cross section for carbon 
and oxygen in Xe also apply to other target gases. 

Certain conclusions may be drawn from a com- 
parison of op-4 in H, C and O atoms. In Fig. 
10 are shown oy-;(v) curves for H, C and O 
atoms in Xe;* these curves illustrate the strong 
dependence of o»_, on the fast atom. It is appar- 
ent from this figure that the highest electron cap- 
ture cross section is foundin O; the cross section 
in C is somewhat smaller and the smallest values 
for this cross section are foundin H atoms. Sim- 
ilar relations are found for other target atoms. 
The dependence of o9_; on the type of fast atoms 
may be related to the binding energy of the level 
at which electron capture takes place, i.e., the 
electron affinity. It is reasonable to assume that 
Oy-, will increase with increasing electron affinity. 
The curves shown in Fig. 11, which give the maxi- 


*The function o)—,(v) for H atoms was plotted from the 
data of reference 1. 
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FIG. 12. The dependence of o)~:max on the ionization 
potential of the target atom: @) Xe, @) Kr, O) Ar, A) Ne, 0)He. 


mum value of o9_; as a function of electron affin- 
ity, are plotted for Ar, Kr, and Xe and show the 
rapid growth in o»_, as the electron affinity of the 
fast atom increases; these curves tend to support 
the suggestion made above. The monotonic increase 
in op-; as a function of electron affinity is not dis- 
turbed by the fact that the electron is captured at 
the 1s levelin H andatthe 2p levelin C and 
OF 

The effect of the target atom on 0dy-; can be 
characterized by the binding energy of the electron 
which is detached, i.e., the first ionization potential 
of the target atom. Curves showing the dependence 
of the maximum value of o»_; on the first ioniza- 
tion potential of the target atoms are plotted for 
the fast atoms H, C and O in Fig. 12. Asis 
apparent from this figure, o -; falls off monotonic- 
ally with increased binding energy of the detached 
electron. The points for the H’— H~, C°— C7” 
and O° — O7 reactions lie on three different 
curves, reflecting the effect of the electron affin- 
ity of the fast atoms. 

A comparison of the cross section 0, for dif- 
ferent fast atoms is shown in Fig. 13, where the 
function 09; (v) is shown for H, C, O and He 
atoms in He.* As is apparent from this figure, 
there is no relation between o , and the first 
ionization potential of the fast atom. Although 
the first ionization potential of the He atom is 
considerably greater than that of the H atom, 

09; is about the same in these atoms; it should 
be noted that the detached electrons come from 
the same shell in both atoms (the 1s shell). 

H and O atoms have the same ionization poten-. 
tial, but 0); in the O atom is higher than in the 
H atom. It is possible that in this case there is 
an effect due to the electron shell from which the 
electron is detached (is for the H atom and 2p 
for the O atom). It is only inthe C and O 


*The curves 0, (v) are plotted from the data given in 
reference 6. 
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FIG. 13. Electron loss cross sections for fast atoms: 4) C, 
B) O, e) H, ©) He (in He). 


atoms that there is an increase in 0); as the 
ionization potential is reduced. The detached 
electrons in both atoms come from the 2p shell. 
The inequality (091)H < (%1)0 < (%1)c is ob- 
served for all the gases which were investigated. 

It has been established in reference 1 that the 
maxima on the curve 09-,(v) for H’—H™ re- 
actions are located in correspondence with the 
Massey adiabatic criterion a|AE|/hvmax ~ 1 
(a is the distance over which the interaction forces ~ 
between the colliding particles operate, AE is the 
resonance defect and Vmax is the ion velocity cor- 
responding to the maximum cross section), where 
the quantity a changes slightly for different tar- 
gets, varying about the mean value 3A. Using 
the maxima on the curves for o).,(v) for C 
atoms and O atoms (cf. Figs. 1 and 3) it is pos- 
sible to estimate the constant a for the C°— C7 
and O° —O7 reactions in Ar, Kr and Xe. 

If the quantity a is the same for different 
atom-~molecule pairs, it follows from the Massey 
adiabatic criterion that vax ~ | AE|. A graph 
of the function vijay = f( | AE|), plotted for all 
atom-molecule pairs in which maxima are ob- 
served on the o9-,(v) curve is shown in Fig. 14. 
In plotting these curves we have assumed that all 
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defect: for H® + H” in: 1) N,, 2) He, 3) Ne, 4) O,, 5) H,, 6) Kr; 
for O° + O" in: 7) Ar, 9) Kr, 11) Xe: for C? > C in: 8) Kr, 


10) Xe. 
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particles which participate in the A? — A™~ reac- 
tions are in ground states. The resonance defects 
for H’—H™ reactions in molecular gases were 
computed under the assumptions that the molecu- 
lar ion which is formed dissociates into atomic 
particles. The vertical spreads indicate the er- 
ror in the determination of vy,4x. In this case, 
when the curve oy-,(v) reaches a plateau the 
corresponding vertical section on Fig. 14 has no 
upper or lower limits. 

As is evident from Fig. 14 the points for all 
A’— A” reactions for which maxima are observed 
on the d9-,(v) curves lie about a line which cor- 
responds to a 3A. The quantity a is found to 
be approximately constant not only for processes 
such as A°— A™ but also for processes in which 
one or two electrons are captured by singly 
charged positive ions; with the sole difference that 
the mean value of a is 8A (reference 7) for or- 
dinary charge-exchange processes (capture of 
one electron) and 1.5A (reference 8) for double 
charge-exchange (capture of two electrons). Thus, 
the available experimental data indicate that the 
Massey adiabatic criterion applies in all investiga- 
tions of electron capture by fast particles which 
have been carried out. 
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We have investigated the temperature dependence of the paramagnetic susceptibility of 
nickel-zine ferrites. The results of the measurements are in good agreement with theory. 


iz Numerous investigations of ferromagnetic metals 
and alloys at high temperatures T >> @¢ (where 

@f is the ferromagnetic Curie point) have shown 
that their paramagnetic susceptibility obeys the 
Curie-Weiss law. The definite dependence on al- 
loy composition which was established for the 
Curie-Weiss constant C and thus for the mag- 
netic moment played an important part in the de- 
velopment of paramagnetic theory. 

The temperature dependence of the paramag- 
netic susceptibility of ferrites cannot be described 
even approximatly by the Curie-Weiss law. The 
law that is obeyed by the paramagnetic suscepti- 
bility of ferrites was first established theoretically 
by Néel.! In Néel’s theory the reciprocal of the 
susceptibility 1/x is a hyperbolic function of the 
temperature T: 


eel! Cy ail (Te), (1) 


where the constants o, ®, 1/x, 
following: 


represent the 


O = nCyhu (2 + « + 8), 
o = nCyhw[(1 + «%) —p(1 + 8B), 
1 / Xo = n(2hy — Ma — wB). 


(2) 
(3) 
(4) 


Here Cy is the atomic constant for magnetic 
Fe*t ions; X and p are the numbers of these 
ions in sublattices A and B, respectively; n 
a, and 8 are constants of the molecular field 
associated with the sum of the exchange integrals 
corresponding to interactions of the types AB, 
AA and BB, respectively. It has been shown?»? 
that Néel’s equation (1) is a sufficiently good de- 
scription of the experimentally observed paramag- 
netic properties of simple ferrites. 

The dependence of the parameters C and © 
in the Curie-Weiss law on composition has played 
an important part in the development of paramag- 
netic theory, especially regarding the paramagne- 
tism of alloys. At the present time we have no in- 


? 
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formation regarding the dependence of the param- 
eters in Néel’s equation on the composition of mixed 
ferrites (ferrite alloys). Moreover, it would be of 
great interest to determine whether ferrites pos- 
sess a transition region at temperatures very close 
to the Curie point where the magnetic susceptibil- 
ity would depend on the magnetic field strength as 
in the case of ferromagnetic metals. The present 
work was undertaken to answer the questions that 
have been indicated. 
2. The temperature dependence of the paramag- — 
netic susceptibility of ferrites was investigated 
with the apparatus described in reference 4. We 
investigated the mixed nickel-zinc ferrites Fe,O3: 
(1-—z)NiO-*z ZnO, where z varied from 0 to 1. 
The ferrites were compressed under a pressure 
of 3 tons/cm? and were baked at 1300°C for 3 
hours, after which they were cooled slowly inside 
the furnace. The uniformity of the ferrites was 
then checked. Several samples were prepared 
from a ferrite of a given composition; these were 
investigated over a broad temperature range and 
the values of the susceptibility were compared. 
Repeated heating and cooling of the samples during 
the investigation did not affect the results; this 
was evidence of the absence of any phase transfor- 
mation in the given temperature range. 
Figure 1 shows the temperature dependence of 
the reciprocal of the molar susceptibility for all 
of the ferrites that we investigated from 300 to 
= 1500°K. The curves of 1/x as a function of T 
are concave to the temperature axis. The curva- 
ture decreases gradually as more zinc oxide is 
added to the nickel ferrite and we have an almost 
linear dependence for a pure zinc ferrite. As al- 
ready stated, in Néel’s theory of ferrites the tem- 
perature dependence of the paramagnetic suscep- 
tibility obeys Eq. (1). Unfortunately the numerical — 
values of the constants in the equation are not 
given by Néel’s theory and must be determined 


PARAMAGNETIC SUSCEPTIBILITY OF NICKEL-ZINC FERRITES 607 


300 


FIG. 1. Temperature dependence of the 200 
reciprocal susceptibility for the following 
ferrites: O — Fe,0,-NiO; V — Fe,0,-0.9 
NiO-0.1 ZnO; A —Fe,0,-0.8Ni0-0.2ZnO; 

* — Fe,0,-0.7NiO-0.3Zn0; 0 — Fe,0,-0.6 


NiO-0.4ZnO; @ — Fe,0,-0.5 NiO-0.5Zn0; 108 
x — Fe,0,-0.4 NiO-0.6ZnO; a — Fe,0,-0.3 
NiO-0.7ZnO; V — Fe,0,-0.2NiO-0.8Zn0; 

@ — Fe,0,-Zn0. 
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FIG. 2. Dependence of the constants o and @ on the per- 
centage of zinc oxide. 


experimentally. We obtained these constants by 
the method of successive approximations which 
was suggested by Néel! and which was described 
by us in detail in reference 3. It must be noted 
that when the constants obtained in this way are 
substituted into Néel’s equation and the corre- 
sponding curves are plotted, the latter may not 
agree with the experimental curves from which 
the constants were determined by the graphical 
method referred to above. The degree of diverg- 
ence of the curves can characterize the correct- 
ness of Néel’s equation in each individual case. 

Figures 2 and 3 show the dependence of the 
constants ®, Cy, and 1/x, on the percentage 
of ZnO inthe ferrite. We note that while @ and 
Cy, decrease as the zinc oxide content increases, 
o, on the other hand, increases. CN must evi- 
dently indicate to some extent the magnitude of 
the paramagnetic moment. Figure 3 shows that 
as the amount of zinc oxide increases, Cy de- 
creases. The reduction of Cy and thus of the 
paramagnetic moment evidently results from the 
fact that the addition of zinc, which supplies elec- 
trons, reduces the uncompensated spins of elec- 
trons in the 3d shell of nickel ions. 

The downward slope of the © vs. z curve 
can be attributed to the fact that zinc ions mainly 
enter sublattice A and affect the exchange inter- 
action in this sublattice. A reduction of the mo- 
lecular-field constant a follows, accompanied 
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FIG. 3. Dependence 
of the constants Cy 
and 1/y, on the per- 
centage of zinc oxide. 
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by a reduction of ©. It must be remembered 
that the constant Cy and the product Ayu, which 
determine ©, are also decreased as z increases. 
We can attempt to explain the increase of o with 
z by assuming that the molecular-field constant 
n and thus the exchange interaction between sub- 
lattices increases with the number of zinc ions. 
It also follows from Néel’s theory that o, unlike 
the other constants, is quadratically dependent on 
n. In this connection it should be noted that, as 
Néel’s calculations® for nickel-zinc ferrites have 
shown, the molecular field constant n has a ten- 
dency to increase with the amount of zinc oxide. 

With an increase in the ZnO content 1/xX, de- 
creases, but in a less complicated manner than © 
and Cyn (Fig. 3). 

Figure 4 shows the relation between 1/x and 
T for a few ferrites. The dashed curves were 
plotted from Néel’s equation using the constants 
that had been obtained, while the solid curves 
were plotted from experimental data. At high 
temperatures the theoretical and experimental 
curves practically coincide. It should be noted 
especially that the agreement of the experimental 
and theoretical curves occurs for all ferrites of 
the nickel-zinc system although the shapes of the 
curves of 1/x asa function of T are extremely 
different. In all cases Néel’s law is verified for 
ferrites over a broad temperature range, from 
approximately 850 to 1500°K. We must also note 
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FIG. 4. Temperature dependence of the reciprocal suscepti- 
bility for the ferrites: 1 — Fe,0,-0.9NiO-0.1ZnO; 2 — Fe,0,- 
0.7Ni0-0.3ZnO; 3 — Fe,0,-0.5Ni0-0.5ZnO; 4 — Fe,0,-0.3Ni0O- 
0.7ZnO. 


that near the ferromagnetic Curie point the theo- 
retical and experimental curves do not agree and 
that this disagreement is most pronounced near 
@¢. We note that a similar behavior has been ob- 
served in pure ferrites such as Ni, Co, and Fe 
ferrites, according to Fallot and Maroni.? We be- 
lieve that these discrepancies are caused to a con- 
siderable extent by the effect of short-range mag- 
netic ordering especially in the immediate vicinity 
of the ferromagnetic Curie point. Inhomogeneity 
of the samples also probably contributes to the 
disagreement of theory and experiment. 

3. To investigate the ferromagnetic transition 
region we measured the paramagnetic susceptibil- 
ity at temperatures close to the ferromagnetic 
Curie point (Fig. 5). Very near @¢ peculiar 
“tails” are seen, where the magnetic susceptibil- 
ity depends on the magnetic field H as well as on 
temperature. Figure 6 shows a few isothermal 
magnetization curves (o as a function of H) for 
one of the ferrites, where o is the specific mag- 
netization. Near @- the magnetization curves 
are seen to be essentially linear; the departure 
from linearity increases as @¢ is approached. 
At a sufficient distance from @¢ the curves ap- 
proximate straight lines and the paramagnetic 
susceptibility ceases to depend on the magnetic 
field. Similar behavior is observed in the other 
ferrites that were investigated. 

An analysis of the experimental curves has 
shown that the dependence of o on H near Of 
can be represented analytically by 


H = as + 63, (5) 


where a and b are coefficients that depend on 
P and, ©. 


* In Fig. 6 Eq. (5) is represented by solid curves 
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FIG. 5. Temperature dependence of the reciprocal suscepti- 
bility for ferrites. Temperature interval T = 650° + t® for 
1 — Fe,0,-0.9 NiO-0.1 ZnO, 2 — Fe,0, x 0.8Ni0- 0.2Zn0; 
3 — Fe,0,-0.7NiO -0.3ZnO; temperature interval T = 400° + t® 
for 4 Fe,0,-0.6Ni0 -0.4Zn0O, 5 — Fe,0, -0.5Ni0-0.5ZnO; tem- 
perature interval T = 300° + t® for 6 — Fe,0,-0.4NiO -0.6 ZnO, 
7 — Fe,O, -0.3NiO -0.7ZnO. 


FIG. 6. Magnetization 
curves of the ferrite 
Fe,0, -0.5 NiO -0.5 ZnO 
at different temperatures: 
1—537°, 2 — 547°, 
3 = 550°, 4—553°,5—556°K. 
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while the experimental values are given by dots. 
With suitably selected constants Eq. (5) is seen 


to give a satisfactory description of the experi- 


mental results. The experiments show that for 
all of the investigated ferrites the coefficient a 
increases linearly with temperature. The coeffi- 
cient b is comparatively small and increases 
with temperature just as in the case of ferromag- 
netic metals. 

In conclusion the authors wish to thank Profes- 
sor E. I. Kondorskii and D. I. Volkov for their 
participation in a discussion of the results. 
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A 17-liter bubble chamber was used to study the interaction of 7+ mesons with nuclei. The 
cross-sections for scattering, absorption, charge-exchange scattering, and production of 
charged mesons were measured. The processes of absorption and charge-exchange scatter- 


ing are discussed. 


A bubble chamber filled with a mixture of freons 
CCl,F, and CCIF3; was used for experiments on 
the interaction of 80 to 300 Mev zt mesons with 
the working liquid in the chamber. The cross sec- 
tions for charge-exchange scattering and star pro- 
duction, and the total cross section for elastic and 
inelastic scattering in collisions between at me- 
sons and C, F, and Cl nuclei were measured 
for ten energy values throughout the range. Six 
events in which charged ma mesons had been pro- 
duced by 7* mesons were observed in the 210 to 
300 Mev range. The cross section for charge- 
exchange scattering was found to increase by a 
factor of two over the 80 to 200 Mev range, attain- 
ing 10% of the geometrical cross section. The 
star-production cross section reaches a maximum 
in the vicinity of 180 Mev. Experiments were car- 
ried out on the interaction of 260 Mev protons 
stopping in the chamber. 

A comparison of the stars accompanying the 
charge-exchange scattering events with those pro- 
duced in interactions of protons with C, F, and 
Cl nuclei shows that the charge-exchange scat- 
tering on light nuclei is a result of the interaction 
between the incident zt 
of the nucleus. An analysis of the absorption stars 
and comparison with proton-produced stars shows 
that, in the energy range investigated, the absorp- 
tion of mt mesons results predominantly from a 
single interaction between the mam meson and a 
proton-neutron pair. This process occurs in 60 
to 70% of the events involving 200-Mev. mt 


1. EXPERIMENTAL METHOD 


The experiments were made with the synchro- 
cyclotron of the Nuclear Research Laboratory of 
the Joint Institute for Nuclear Research. The 1*- 
meson beams were obtained by bombarding poly- 
ethylene targets with the external proton beam.! 
A mt meson beam of given energy traversed the 
freon bubble chamber having an observation vol- 
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meson and a single nucleon 


mesons. 


ume of 50 x 22 x 15 cm®. The construction and 
operation of the chamber have been described in 
an earlier publication.? The working liquid used 
in this series of experiments consisted of a mix- 
ture of 54% (per weight) freon 12 (CCl,F,) and 
46% freon 13 (CCIF3). The chamber operated at 
+28°C. The working liquid density was equal to 
1.12 g/cm*. When the chamber was triggered, 
its pressure fell from 38 to 10 or 13 atmos in 
about 15 milliseconds. The fact that the pressure 
dropped to a predetermined level ensured a good 
stability of the chamber sensitivity, and made it 
possible to choose quickly the working conditions 
during the experiments. The operating cycle of 
the chamber varied from 16 to 40 sec in different 
experiments. A stereoscopic camera using two 
parallel films, with a lens base of 103 mm and 
mean reduction equal to 11.6 was used for photog- 
raphy. 

Since the ma mesons lost by ionization about 
80 Mev in traversing the chamber, it was possible 
to study the interaction of m* mesons of various 
energies using a single beam. The chamber vol- 
ume was divided for that purpose into four regions 
by means of a grid on the internal side of plexiglass 
windows. The grid simplified also considerably 
coordinate measurements in the chamber. 

Three series of measurements were conducted, 
with the initial energy of 1 mesons in the beam 
(before entering the chamber) equal to 320, 234, 
and 130 Mev respectively. The 320 Mev and 230 
Mev beams were obtained choosing the field of the 
deflecting magnet so that the maximum beam in- 
tensity was attained for a given thickness of the 
polyethylene target bombarded by protons. The 
secondary a meson beam was produced mainly 
as the result of the pp ~dzt reaction. It was 
difficult to find experimentally the maximum in- 
tensity of the 130 Mev beam and the corresponding 
setting of the magnetic field was calculated. 

The energy of nm’ mesons in the first beam 
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FIG. 1. Dependence of the number of 7—jp—e decays per 
unit length on the 7* -meson range. 


(320 Mev) was found from the kinetics of the re- 
action pp — dr taking into account the ionization 
losses in the polyethylene target and in the layer 
of air between the target and the chamber. The 
energy of 7* mesons in the other beams was ob- 
tained from the energy of the first beam and the 
relative magnetic field intensities. The energy 

of the third beam calculated in that way (130 Mev) 
is in a good agreement with that found from the 
range-energy relation R(E). The range of m* 
mesons in the chamber was measured by counting 
the number of m-p-e decays along the 7*-meson 
path. The results are shown in Fig. 1, where the 
arrow indicates the 7*-meson range calculated 
from the range-energy curves under the assump- 
tion that the energy of the 7* mesons was 130 
Mev before entering the chamber. 

Possible admixture of other particles in the m*t- 
meson beam was taken into account in counting the 
number of st mesons traversing the chamber. 
Proton and electron tracks were easily distin- 
guished by their ionization and multiple scattering, 
so that their presence did not introduce any er- 
rors. The admixture of mesons in the 130- 
Mev beam amounted to 138%. This value was found 
from the pictures by means of data on the range 
of m and uw mesons. We did not determine the 
fraction of 4 mesons in the other beams, but 
used the results of Mukhin et al.! who conducted 
experiments in identical conditions. Data on the 
admixture of » mesons were taken into account 
in calculating the cross sections. In addition, a 
correction was applied for the 7 mesons re- 
moved from the beam by multiple scattering. 

Only mt mesons entering the chamber at not 
more than 5° to the beam axis and not less than 
7 cm from the top and bottom wall of the chamber 
were counted. The 7 mesons that underwent an 
interaction were identified by their ionization, 
multiple scattering, or mt-y-e decay. In several 
cases m mesons were identified by the charac- 
teristic increase of ionization and multiple scat- 
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TABLE I. Cross-sections for various inter- 
actions of t+ mesons with C, F, and Cl 
nuclei expressed in terms of the mean 
geometrical cross-section 


nt meson 

Cnere ys Fe/Ogeom* Fa/Ogeom Os/Ogeom 
Mev 

ie 0.045-+0.020 | 0.393-L0.050 | 0.491-L0.056 

4100 0.068-+0.023 | 0.502-£0.055 | 0.807-+-0.068 
136 0.064£0.025 | 0.537-£0.064 | 0.904+0.084 
157 0.101-£0.028 | 0.629-40.068 | 1.056+-0.089 
477 0.092-40.023 | 0.572--0.058 | 1.10840.083 
497 0.078+0.019 | 0.549+0.051 | 1.144--0.081 
224 0.107+0.022 | 0.447-40.059 | 6.973-0.092 
245 0.099--0.020 | 0.439--0.053 | 1.050--0.087 
264 0.124-+0.020 | 0.365--0.041 | 1.0325-0.079 
283 0.098--0.016 | 0.375-++0.042 | 0.886+-0.067 


*Only statistical errors are given. 


tering along the track. Only the events in which 
the sum of the scattering angle projections in the 
two pictures was larger than 10° were used for 
measuring the scattering cross-section. The 
adoption of this criterion prevented the errors 
due to the multiple scattering and decay of 7 
mesons in flight. 

The large dimensions of the bubble chamber 
and the relatively high density of the filling liquid 
ensured a high efficiency of photon detection 
through pair production. It was therefore possible 
to measure separately the cross sections for star 
production and charge-exchange scattering (7 
— 7). In the reduction of the data, events in 
which the disappearance of a m meson was ac- 
companied by one or two conversion pairs with 
their apex directed towards the point in which the 
interaction took place were interpreted as charge- 
exchange scattering. The accuracy with which the 
pair followed the direction of the photon amounted 
to +3 or 5° and was determined from the mean 
angle of multiple scattering of the electrons and 
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FIG. 2. Photograph of a charge-exchange scattering event. 
The conversion pair is produced by a photon emitted from the . 
two-pronged star. 
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FIG. 3. A charge-exchange scattering event. Two conver- 
sion pairs are visible. 


the mean angle between the momentum of the pho- 
ton and of the pair. 

The efficiency of m’-meson detection in the 
chamber was calculated by two methods. In the 
first, the probability of the materialization of 
photons within a sphere 5 cm in radius was cal- 
culated using the known value of the radiation 
length, equal to 21.2 cm for the case of the freon 
mixture used, under the condition that the angle 
between the direction of emission of photons and 
the film plane was < 30°. The calculation showed 
that the probability that a conversion pair will be 
observed in this volume is 0.21. The detection 
efficiency for charge-exchange scattering events 
is then 0.21 N)/N;, where Ny is the total num- 
ber of pairs produced in the total volume of the 
chamber, and N, is the number of pairs found 
within a sphere 5 cm in radius. 

In the second method we studied the character- 
istic features of the stars accompanying charge- 
exchange scattering events. It was found that in 
the majority of cases the energy of protons in 
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FIG. 4. A charge-exchange scattering event. A7°-meson 
decays according to the scheme 7° > et +e° +y. 
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FIG. 5. Energy dependence of the charge-exchange scat- 
tering cross sections of 7t mesons. O —this experiment, 
O — (nm, C) according to reference 10. 


these was less than 30 or 40 Mev. The multiplic- 
ity distribution of stars unaccompanied by a con- 
version pair is similar to that of stars associated 
with exchange scattering. One can assume, there- 
fore, that all stars with a low energy yield corre- 
spond to exchange scattering events, i.e., that the 
detection probability of 7’ mesons is given by 
the ratio of the number of stars accompanied by 

a conversion pair to the total number of low-energy 
stars. Both methods yielded similar results for 
the 1m’ -meson detection efficiency, which was 
found to be equal to 0.50 + 0.11. 


2. RESULTS AND DISCUSSION 


About 7000 pairs of photographs were taken 
while the chamber was exposed to the m* beams. 
193 exchange-scattering events and six charged- 
meson production events were detected in the 
energy range from 80 to 300 Mev. In the scanning 
of 3000 pictures, 4460 various interaction events 
of m* mesons with nuclei were observed. Ex- 
amples of the pictures are shown in Figs. 2 to 4. 
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FIG. 6. Energy dependence of the star-production cross- 
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The observed energy dependence of the various 
types of interaction of a mesons is given in 
Table I. In this table og denotes the exchange 
scattering cross section, 0g is the star produc- 
tion (absorption) cross-section, and gg is the 
total cross section for elastic and inelastic scat- 
tering. The measured value of the latter was 
somewhat low, since we considered only those 
scattering events in which the sum of the scatter- 
ing angle projections in both pictures was larger 
than 10°. All cross sections in the table are ex- 
pressed in terms of the mean geometrical cross- 
section of the C, F, and Cl nuclei, equal to 
483 x 1072" cm’. This value was calculated as- 
suming a nuclear radius of 1.40 x 1073 41/3, The 
energy dependence of the cross-sections 0g, 0, 
Og, constructed using the data of Table I, is shown 
in Figs. 5 to 7. 
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The multiplicity distribution of stars was stud- 
ied in order to elucidate the mechanism of the 
charge-exchange scattering of ma mesons and 
their absorption by nuclei. Charged star prod- 
ucts were recorded starting with 10 to 20 Mev 
proton energy. Most detailed data on the multi- 
plicity distribution were obtained for 220 to 300- 
Mev m+ mesons. These data are given in Table 
II, which contains the distributions of the sum of 
absorption and charge-exchange processes 
(row 1) and of each of them separately (rows 2 
and 3). The meaning of the fourth row will be 
given below. 


a. Charge-Exchange Scattering 


The charge-exchange scattering of 1 


mesons 
on free nucleons takes place in the mn — Tp 
reaction. The character of this process on a 
nucleus can be determined by comparing the stars 
accompanying charge-exchange events with those 
produced in interactions between protons of cor- 
responding energy and the nuclei. The conditions 
for the production of stars as the result of devel- 
opment of nucleonic cascades may be similar in 
both cases, since the interaction mean free path 
of a* mesons in the energy range under consid- 
eration is small compared with the size of the 
nucleus and the interaction mean free path of 
protons in it. 

Data on the stars produced by protons were ob- 
tained in the course of a special proton-beam ex- 
periment using the same chamber filling as in the 
experiments with m*t-meson beams. 280-Mev 
protons were chosen to ensure their stopping at 


TABLE II. Relative multiplicity distribution of stars associated 
with charge-exchange and absorption of 220 to 300-Mev 
m mesons 


Multiplicity (number of prongs) 


Type of event 


= 
co 


4 5 


Absorption and charge- 


exchange stars 5.6+0.8 
Charge-exchange stars 18.5+3.9 
Absorption stars F(n) (FARO 7 
Distribution f(n + 1) <<all 


4+4.8/39.442.4/22.244.8] 7.644.0| ~4 
+£6.2/28.0+4.6] 1.541.2} — 
+£3.0/42.3-42.8| 2742.21 9.341.3) — 
+1 .5/54.14-3.2/33.74£2.6] 4.4-£0.9 


TABLE III. Relative multiplicity distribution f(n) of 
stars associated with inelastic scattering of 115 to 220- 
Mev protons 


Multiplicity (number of prongs) 
Proton energy 
Mev 0 4 2, 33 
143427 4433--2.0. | 54. 8224,40) 630) 5eesao eee 
195425 10.342.0 | 47.744.3] 36.643.7] 5.341.4 
Mi — 0) 10.8321,5 | 54,4253 °95 |) 335742976) | ealzaeong 
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the end of the chamber. The multiplicity distri- 
bution of stars of various energies is given in 
Table Il. It follows from the table that the dis- 
tribution is independent of the energy over the 
measured range. We can conclude from the 

data obtained at lower proton energies that the 
multiplicity distribution is slightly different from 
that of Table III]. The maximum, nevertheless, 
remains in the vicinity of one-prong stars. 

Comparing the multiplicity distribution of 
stars associated with the exchange scattering 
of mt mesons (Table II, row 2) with that of 
proton-produced stars (Table III) one can 
notice a close similarity between the two. This 
fact shows that the charge-exchange scattering 
from nuclei is due to a single collision between 
the incident 7 meson and a neutron of the 
nucleus. 

The angular distribution of photons in the 
charge-exchange scattering of 264 + 15 Mev and 
245 + 15 Mev 7* mesons was estimated from 
the forward/backward ratio in 67 events. This 
was found to be equal to 1.76 + 0.30, which in- 
dicates clearly anisotropy of the exchange scat- 
tering and of the 1’ -meson scattering from free 
protons in the energy range investigated. 

Difficulties connected with the identification 
of m mesons in the chamber did not permit us 
to estimate with reasonable accuracy the effi- 


ciency of the charge-exchange process (rt — We). 


The cross-section for this process, judging from 
the two cases observed, is of the order of 107?" 
cm? per fluorine nucleus. 


b. Production of Stars 


The absorption of mt mesons by nuclei was 


studied earlier in greater detail at energies below 
100 Mev by means of emulsions and cloud cham- 
bers.4~’ An analysis of the stars produced as the 


result of the absorption of < 100 Mev m* mesons 


showed that, in not less than 60% of cases, mt 
mesons are absorbed by proton-neutron pairs 
according to the scheme m* + (pn) — pp. 

The contribution of this process to the absorp- 
tion of 7 mesons in the energy range investi- 
gated in the present experiment can be assessed 
from a study of the multiplicity distribution of 
stars. The data for 220 to 300-Mev m* mesons 
were analyzed in detail. It can be seen from 
Table II that two- and three-pronged stars are 
observed most often in absorption events. This 
fact can be explained assuming that, as in the 
low-energy range, the absorption follows the 
scheme m'+(pn)—pp, and using the data on 


the interaction of protons with nuclei. In fact, 
since the angle between the protons emitted in 
the reaction is large (150 to 180°), one only of 
the fast protons interacts, on the average, in the 
nucleus. The energy of these protons is close 

to that used in the auxiliary experiment employ- 
ing a proton beam. One can expect therefore that 
the multiplicity distribution of stars produced in 
the absorption of 7‘ mesons is F(n) =f(n+1), 
where f(n) is the proton distribution. 

It follows from Table II that the distributions 
F(n) and f(n+1) are very similar (rows 3 
and 4). This strengthens the assumption that 
the reaction 1+ +(pn)— pp plays a predominant 
role in the absorption of 230 to 300-Mev m* me- 
sons by nuclei. An additional analysis of the mul- 
tiplicity distribution of stars as a function of m*- 
meson energy in the 80 to 300 Mev range showed 
that the distribution is almost independent of en- 
ergy. It follows therefore that the absorption of 
m+ mesons by (p-n) pairs is the main absorp- 
tion process over the whole range. 

It was found by a comparison of the number of 
events corresponding to the reaction Tt + (pn ) 
— pp with the total number of stars and with the 
known degree of transparency of nuclei for pro- 
tons that, for 200-Mev m+ mesons, the absorp- 
tion by (p-n) pairs in the first interaction occurs 
in 60 to 70% of cases. 


c. Production of Charged 7 Mesons by 7+ Mesons 


Six events in which charged m mesons were 
produced by mt mesons were observed in the 
210 to 300 Mev range. The cross section calcu- 
lated from these is (0.7 + 0.3) x 10-2" cm? per 
fluorine nucleus. This value is close to that ob- 
tained in experiments using a helium-filled diffu- 
sion chamber® and is also in agreement with the 
results of experiments using hydrogen.? 

It is interesting to note that in one only of the 
six cases an accompanying proton is emitted. Its 
energy was found to be 40 Mev. This fact indi- 
cates that, in the production process, the incident 
meson collides more often with a virtual meson 
than with a nucleon. 

In conclusion, the authors would like to thank 
A. A. Tiapkin for a discussion of the results, 

V. P. Dzhelepov for enabling us to carry out the 
experiments, and to V. P. Rumiantseva and K. A. 
Zaitsev for help in the reduction of data. 
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Bremsstrahlung from m* mesons in a nuclear force field was observed in a freon bubble 
chamber in the course of study of the interactions of 7 mesons of energies from 80 to 300 
Mev with carbon, fluorine, and chlorine nuclei. The bremsstrahlung cross section both in 
the cases of inelastic and elastic scattering of 7 mesons amounts, on the basis of 20 ob- 


served events, to (4.52 


152 -27 : oe 
2:3) X 1072" cm? per fluorine nucleus in the energy range indicated 


above. Three events have been observed of bremsstrahlung accompanying the absorption 


efa am 


meson by .a nucleus, and two events have been observed which may be attributed 


to bremsstrahlung accompanying charge exchange scattering of 7‘ mesons by nuclei. The 
bremsstrahlung cross section for various nuclear processes has been calculated in the 
quasi-classical approximation. The values of the cross sections computed from these 
formulas are in good agreement with the experimental results. 


1. INTRODUCTION 


Becatse of the strong nuclear interaction be- 
tween am mesons and nucleons, bremsstrahlung 
from am mesons, i.e., the emission of y quanta 
arising as a result of a change of velocity or of 

a loss of charge, must be determined primarily 
by nuclear rather than Coulomb forces. Brems- 
strahlung in a nuclear force field from mesons of 
various energies has been treated in several theo- 
retical papers.'~4 In particular, Solov’ev® has dis- 
cussed bremsstrahlung from am mesons at ener- 
gies close to the m-meson rest energy. It was 
found that the bremsstrahlung cross section in 
this energy range should in order of magnitude 
amount to approximately 1078 cm? per nucleon. 

The relatively large theoretically-expected 
value of the bremsstrahlung cross section for 1 
mesons in a nuclear force field makes it probable 
that this phenomenon should be observed experi- 
mentally. However, up until now no bremsstrahl- 
ung from a mesons has been found experimen- 
tally. In the present work bremsstrahlung from 
m mesons was found in the course of study of the 
interactions of a mesons with light nuclei in the 
range of energies close to the rest energy. 

The experiments were carried out in the exter- 
nal a+-meson beam of the synchrocylclotron of 
the Laboratory for Nuclear Problems of the Joint 
Institute for Nuclear Research. 7‘ mesons of 
definite energy were introduced into a freon bubble 


chamber® whose useful observation volume amounted 


to approximately 171. The working liquid in the 


chamber was a mixture of two freons — CCl,F, and 


CCI1F3;. Bremsstrahlung y quanta were observed 
by means of conversion into electron-positron 
pairs. The energies of the charged products of 
the interaction of * mesons in the chamber were 
determined mainly from the range of the particles. 
The range curves have been computed earlier® ac- 
cording to the theory of ionization losses. In some 
cases the energy of a mesons after interaction 
was found by measuring the ionization losses along 
the length of the tracks or by multiple scattering. 
The remaining details of the method are given in 
the paper by Blinov et al.® 


2. CLASSIFICATION OF THE VARIOUS FORMS 
OF BREMSSTRAHLUNG AND COMPETING 
PROCESSES 


We shall distinguish the following cases of 
bremsstrahlung that can result from the interac- 
tion of m mesons with nuclei. 

1. Radiation arising during inelastic scattering 
of m mesons by nuclei. In this case the principal 
track of the a meson in bubble-chamber photo- 
graphs shows a kink at the point of interaction, 
and at the same time the photograph shows an 
electron-positron pair pointing towards the kink. 
The scheme of the process m+A—r+ytAl, 
where A and A’ are the initial and final states 
of the nucleus. The transformation of nucleus A 
into nucleus A’ is accompanied by the emission 
of protons and neutrons from nucleus A, which 
in the majority of cases can be seen in the photo- 
graph as proton tracks leaving the point of inter- 
action. Such a photograph can alternately be in- 


if 
Ee eo ‘ty 
ta ? i, mee 4 i 
” Px gi a eee 
<r h: Be” .- bt a vd a 
e Leal: / 
¥ .° ” a 
¥ homer tira “ore 
+e « at) bed Opes a > 
oo : st ee ie . Coie Aa ' ie 
oes e Pe. 4. ° ‘ im 
s [ad ‘ ee 
tg jt sia . ‘4 : 
zt . é : Ny « e ‘ 
> 
ee o eens te oh Ot wes bt | aroma « e woe 
’ . ue ot % . . 1. ? 4 
e. * ? » 1 A 
. se. ‘ ° . e *e 
4 ‘net ‘c Nes ce 4 oe 8 sy 
° # eRe ’ : 
sdf a “, é coe 
j Po. +e =," e.ee ae se! “9 
‘ a $c oF ‘. Fee ° ‘ ® | 
~ ry ‘ ; >. sey 9 ey 
%e nwt % te ey 4 


FIG. 1. Bremsstrahlung accompanying inelastic 
scattering. 


terpreted as the creation of a neutral 7 meson 

in accordance with m'+A— at + 7° + A’, with 
subsequent decay of the 7 meson into two y 
quanta, only one of which is converted within the 
region of observation. One may discriminate be- 
tween this competing process and bremsstrahlung 
on the basis of the following energy considerations. 
We denote the kinetic energy of the m meson be- 
fore interaction by Ey, after interaction by kj, 
and the energy of the protons leaving the nucleus 
by Ep. It is then evident that if the following con- 
dition is fulfilled 


Ey— (Ey ate Ep) kee, 


where p is the n> -meson mass, this event should 


be attributed to bremsstrahlung. The inverse con- 
dition 
Eo—(Ei+ Ey) Spe? 


can be evidence either of the process m*+A— 
a +7°+A’, or of bremsstrahlung, and therefore 
such cases require additional investigation. 

2. Radiation arising during elastic or diffrac- 
tion scattering of a m meson by a nucleus in ac- 
cordance with the scheme m*'+A—qat+y+A, 
In the photographs this case differs from the pre- 
ceding one by the absence of proton tracks at the 
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FIG. 2. Bremsstrahlung accompanying scattering (elastic or 
inelastic). 


FIG. 3. Bremsstrahlung accompanying 
absorption. 


kink, and by a relatively small angle of scattering 
of the 7 meson. Just as in the preceding case, 

a competing process is the process of creation of 
a mt’ meson by a m* meson according to the re- 
action m+ +A—7++n°+ A’, under the condition 
that the transformation of nucleus A into nucleus 
A’ is not accompanied by visible tracks of reac- 
tion products, so that the measured value is Ep 
= 0. It is evident that if the inequality E) — E, < 
uc? is satisfied, the event should be attributed to 
bremsstrahlung. 

3. Radiation arising when a a meson is ab- 
sorbed in accordance with +A-—~y+A’. In the 
photograph the ma-meson track ends in a star or 
disappears (“prongless” star). At the same time 
the photograph shows a pair directed towards the 
center of the star or towards the end of the track. 
A competing and a considerably more probable 
process in this case is the process of charge- 
exchange scattering of the a meson in accord- 
ance with the reaction m+ +A—7°+ A’ under 
the condition that, as in the preceding two cases, 
only one of the two y quanta into which the 7° 
meson decays is converted within the region of 
observation. As before, discrimination between 
these two processes is possible only in individual 
cases, on the basis of energy considerations. 
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4. Radiation arising in charge-exchange scat- 
tering of the * meson according to the reaction 
mt +A—7°+y+A’. The track of the meson 
ends in a star or stops, while electron-positron 
pairs directed toward the point of interaction can 
be seen in the photograph. If three pairs can be 
seen in the photograph, then the process m*+A 
— 7+ +A’ is possible, i.e., the creation of 
a 7 meson accompanied by a simultaneous charge 
exchange of the 7 meson is possible, with only 
three of the four y quanta from the 7’ meson 
decay being converted. 

In all the above four cases the bremsstrahlung 
can be distinguished from the competing process 
not only on the basis of energy balance, but also 
by considering the angular distribution of the y 
quanta. As will be shown in Sec. 4, the theoretical 
angular distribution of the bremsstrahlung y 
quanta is such that most y-quanta should be 
emitted forward, while the angular distribution 
of the y quanta coming from the decay of qT 
mesons must be considerably more isotropic. 


3. EXPERIMENTAL RESULTS 


More than 7000 photographs obtained in three 
series of experiments with different initial m*- 
meson energies beam have been analyzed. In 
these photographs there were observed 20 events 
of bremsstrahlung accompanying inelastic and 
elastic scattering, three events accompanying 
absorption, and two events which may be attrib- 
uted either to bremsstrahlung accompanying 
charge exchange, or to the process m+ A— 
m+n +A’, 

Typical photographs of bremsstrahlung proc- 
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esses accompanying scattering and absorption 

are given in Figs. 1 to 3. The photograph shown 
in Fig. 2 can apparently be interpreted as brems- 
strahlung accompanying elastic scattering, on the 
basis of the absence of a star at the point of inter- 
action and of the small angle of scattering. Natu- 
rally these features are not sufficient to distin- 
guish this event from bremsstrahlung accompanying 
inelastic scattering, since inelastic interaction 
might for one reason or another, not be accompa- 
nied by visible proton tracks in the photograph. 

Since there exists no reliable criterion for dis- 
tinguishing between eleastic and inelastic scatter- 
ing, we have classified all the 20 observed events 
as bremsstrahlung accompanying scattering. These 
events are given in the table. 

The values of the energies Ey and Ey given 
in the table are obtained from measurements of 
the ranges of the particles. The precision with 
which the energies Ey are determined is approx- 
imately 5%. The energy E, of events 9 and 12 
has been determined from the energy of the prongs 
of the star in which the 7*-meson track ends after 
scattering. In two events (10 and 19) the energy 
E; is also found from the multiple scattering of 
the * meson. The y-quanta energy Ey was 
determined from the ranges of the electron and 
positron of the pair. 

As can be seen from the table, for the first 13 
events the inequality Ey — (E; + Ep) < 140 Mev 
holds, so that these events cannot be interpreted 
as the result of the creation of a 7’ meson in 
accordance with the reaction 7 +A— at + 7° + 
A’, and must definitely be attributed to brems- 
strahlung. In the remaining seven events (14 to 


Observed events of bremsstrahlung emitted by 7*-mesons during 
scattering (energies given in Mev) 


m* -meson energy 
After scattering, based on Energy 
Before Ai Bice Energy of Be Est E 5) 
No. scat- : Other prongs ue quanta, © i 
tering, | Range Ioniza~ |consider- Oe Ey 
tion ations 
4 237 60 100. >120 ~10 ela) 
2 276 & tay) a 70 19153 >30 Ze 3) 
3 237 0) >100 100. 25 KS 
4 170 >110 — Sol < 60 
i 183 63 54 >23 66 
6 239 >> 40 120 29) < 79 
7 213 > 60 >100 20 22 << 8B} 
8 147 > 94 — S13 <a 93 
8) 262 >80 77 >26 <(105 
10 266 > 54 >160 160-80 — S17 <106 
14 Dats) >165 — >28 cei 
12 239 >69 36 99 <130 
a3) 250 S65 >100 18 >60 <1382 
14 2689 SS) SS 25 So) ~wi5 <(209 
15 152  ® oe ff >24 <(145 
16 256 65 40 >30 154 
17 247 DO 20 >70 <A 
18 261 > 40 46 >24 ON) 
49 249 04 ~60 — Sa) <195 
20 299 SS Bo — >20 <224 
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20) Ey — (Ey + Ep) may exceed 140 Mev, which 
indicates the possibility of creation of a 7 me- 
son. The identification of these events as brems- 
strahlung requires a separate investigation. 

Event 14 should be attributed to bremsstrahlung, 
since the y-quantum energy determined from the 
ranges of the electron and the positron of the pair, 
and also from the angle between their paths, is 
approximately 15 Mev. A y-quantum of such 
energy cannot be the result of 7 -meson decay 
and must be interpreted as being due to brems- 
strahlung. 

In event 15 the initial energy of the 7° meson 
is Ej = 152 Mev, i.e., very close to the energy 
threshold of creation of a 7 meson by a 7 me- 
son. In view of the very low probability of observ- 
ing this process at such a value of Ej, this case 
must also be attributed to bremsstrahlung. 

The last five events (16 to 20) should be as- 
cribed, with a high degree of probability, to brems- 
strahlung on the basis of the following two consid- 
erations. Firstly, not more than one out of the five 
events can be ascribed to the competing process 
nt tA oat + nt A’, the cross section of which 
can be estimated with an accuracy sufficient for 
present purposes from the results of Blinov et al.® 
Secondly, measurements of the angles of emission 
of the y quanta, have shown the radiation in all 
five events to be directed forward, principally 
within the 10 to 40° range, while in the case of the 
process m¢+A—a++7°+A’ a more isotropic 
angular distribution of the y quanta is expected. 

On the basis of the 20 events given in the table, 
we computed the total cross section for brems- 
strahlung accompanying scattering (elastic and 
inelastic) in the energy range from 80 to 300 Mev, 
and found it to be ot = (An5r3 4) x 1072" em? per 
fluorine nucleus. 

As can be seen from the table we did not ob- 
serve a Single case of bremsstrahlung in the en- 
ergy range from 80 to 150 Mev. This can be 
explained, first, by the experimental condition, 
since in the energy range indicated the number 
of m mesons passing through the chamber will 
be smaller by a factor of several fold than at 
higher energies. Second, theoretical estimates 
(Sec. 4) show that the cross section for brems- 
strahlung accompanying scattering at a m-meson 
energy of 100 Mev must be approximately one-half 
that obtained at an energy of 250 Mev. 


+ 


4. COMPARISON OF EXPERIMENTAL RESULTS 
WITH THEORY 


A theoretical estimate of the bremsstrahlung 
from m mesons may be made with sufficient ac- 
curacy in the quasi-classical approximation. The 
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quasi-classical formula is obtained if the exact 
expression for the differential bremsstrahlung 
cross section doy (w, 8B) is expanded in terms 

of the energies hw of the y quantum. In this 
expansion the first term has the quasi-classical 
form, i.e., it is the product of the cross section 
do(8) of the corresponding nonradiative process 
by the probability dW, of radiation of a y quan- 
tum for a given state of motion of the particles. 
We have denoted by £ the complete set of initial 
and final velocities of the interacting particles. 

As shown by Low,’ a general form of the second 
term in the expansion of the exact cross section 
doy (w, B) can also be derived. However, in 
making estimates of the total radiation there is 

no point in using the second term of the expansion, 
since when hw/E «<1, where E is the energy of 
the colliding particles, it gives rise to a correction 
of the order of hw/E, which is of no significance 
to us, while in the case hw/E ~ 1 the contribution 
of this term is of the same order of magnitude as 
that of subsequent terms in the expansion, and 
therefore we cannot be sure that the accuracy is 
improved by using the second term of the expan- 
sion in the upper part of the spectrum of the y 
quanta. Moreover, this term also contains a deriv- 
ative (with respect to energies and angles of the 
amplitude of the nonradiative process) which is 
difficult to determine with sufficient accuracy from 
the available experimental data. With these re- 
marks in mind, we shall restrict the comparison 
of our results with theory only to the first term 

in the expansion of doy (w, B). 

The advantage of the quasi-classical estimate 
of bremsstrahlung is that in this estimate the for- 
mulas are expressed in terms of the exact non- 
radiative process do(8) independently of the 
model used for the interaction of the meson 
with the nucleus. This is a very important fact, 
since there exist no reliable methods of making 
calculations in the case of strong interaction. 

With respect to the high-energy part of the spec- 
trum of the y quanta, where the quasi-classical 
approximation is inapplicable, we can see that at 
our m-meson energies this part of the spectrum 
makes no significant contribution to the total 
bremsstrahlung cross section. 

If we take the nucleus to be infinitely heavy 
and if we denote by 8) and f; the initial and the 
final velocities of the m meson without taking into 
account the energy-momentum loss due to radia- 
tion, we obtain in the quasi-classical approxima- 
tion: 


dey (®, Boy Br) dW yds (Bo, Bx) 


SiS By dQ. de 
= mle a5 iG isa) n|’ oe © ds (Bo, Bx), 


(1) 
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where n is the unit vector in the direction of ra- 
diation of y quanta, dQ, is an element of solid 
angle of the y quanta, and do(), 6,) is the cross 
section of some nonradiative process. 

To compute the total cross section for any one 
of the classes of bremsstrahlung defined in Sec. 2, 
we should substitute into formula (1) the expres- | 
sion for the differential cross section of the cor- 
responding nonradiative process and integrate 
over the energies and directions of the y quanta 
and over the final velocities of the + meson. 
Assuming an isotropic angular dependence, we 
express the cross section for the inelastic scat- 
tering of a m meson by a nucleus in the form 


de mine a" do, (2) 


where oj (Bp, 8,;) is the total cross section for in- 
elastic scattering, for which the final velocity of 
the mt meson is given by ,. 

To obtain the cross section for the elastic scat- 
tering of a m meson, we make use of the diffrac- 
tion type of angular dependence and write 


Sq (Bo) | 1,(RO/2) |? 
Se EN Ga ol (3) 


dsa(Bo, Bi) = 


where R is the nuclear radius, cos 6 = Boh; /B hi, 
By = Bi, » is the wavelength of the m7 meson, and 
0q(fy) is the total cross section for elastic scat- 
tering. 

We shall combine the cross sections for 7- 
meson absorption and charge-exchange scattering 
into a total cross section for processes in which 
the m-meson charge comes to rest or, more ac- 
curately, the charge is transferred to nonrelativ- 
istic nucleons: 


do, (By) = doa(Bo) + do, (Bo). (4) 


Replacing do(p, 6,) in formula (1) by one of 
the expressions (2), (3), or (4) and integrating, we 
obtain the required expressions for the total cross 
sections of radiative processes. For bremsstrahl- 
ung accompanying inelastic scattering we obtain: 


In me 


1 
om 137 


— 4 1+ Bo ' 1 1+ Bx Si 5; (Bo, 81) 
* » tr e 1—B, | gle eh 4) T (5) 
Gr 
Ey Say (4 inte 4 1 ee eae 
Friar ao \Bo Gras SGuers a ei 


In this formula fiwpjin is the minimum meas- 
ured energy of the y quanta; in our experiments 
wmin © 10 Mev, as can be seen from the table; 
g’ is some average m-meson velocity after scat- 
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tering (in the calculations we assume that f’ cor- 
responds to the kinetic energy E,/2); x is a cer- 
tain parameter describing the cutting off of the 
spectrum of the y-quanta. If we take x=1, i.e., 
the spectrum is not cut off, the quasi-classical 
formulas gives too high a value for the total cross 
section, compared with the exact formula. A cor- 
rect choice of x can make the quasi-classical 
formulas as accurate as doy(w, B)dw. At our 
m™-meson energies it is best to take x ® 7 e 
Similarly, we obtain the total cross section for 
bremsstrahlung accompanying elastic scattering: 


y 1 ee oa : Po) 


Oy 437 ln =4 (Bo, weR /h) 


(6) 


where the integral I(8), ucR/H) must in general 
be evaluated numerically, but in our case we can 
use the approximate value of this integral for 
(1-67)"! > 1 and 2ucR/f > 1, which turns out 
to be equal to 2.3/(ucR/h). 

Finally, the total bremsstrahlung cross section 
in the case when the charge is “stopped” is given 


by: 
oe SE (Sie vert Bap \ 5, (Bo) 
Op == 37 In homin i In ram Be =e RS ae (7) 


where Oy = 0, + 0e, the sum of the cross sections 
for the absorption and for charge-exchange scat- 
tering of m+ mesons. 

To compare our results with theory we take 
into account the fact that the average 7*-meson 
energy in the observed 20 events of bremsstrahl- 
ung accompanying scattering is 234 Mev. The 
cross sections oj, 0g and o;, required for our 
calculations have been measured by Dzhelepov et 
al.8 for 230-Mev 7 mesons. 

Calculations with formulas (5) and (6) yield, at 
230 Mev, a cross section for bremsstrahlung ac- 
companying scattering of = oy + oF = Si5ne107e 
cm? Rep fluorine nucleus, which agrees with our 
value ox = (4, 7 s) x 1072? cm”, The cross sec- 
tion for pene rahinne accompanying the stopping 
of the charge, calculated according to formula (7), 
is oy = 2.5 x 1072" cm? which is also in agreement 
with our results in the five observed events of this 
type of bremsstrahlung. 

In conclusion, let us compare the theoretical and 
the experimentally-observed angular distributions 
of the bremsstrahlung y quanta. We have measured 
the angles of emission of the y quanta in all the 
20 events listed in the table. Only in 2 events is 
the bremsstrahlung directed backwards, while in 
18 events it is directed forwards. Such a distri- 
bution is in agreement with the one expected theo- 
retically, since formulas (1) to (3) give a value 
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~ 10 for the forward-backward ratio. (Instruments and Exptl. Engineering) 1, 35 (1958). 
In conclusion, we express our deep gratitude to 6 Blinov, Lomanov, Shalamov, Shebanov, and 
I. Ia. Pomeranchuk for his interest in our work. Shchegolev, J. Exptl. Theoret. Phys. (U.S.S.R.), 
35, 880 (1958), this issue, p. 609. 
‘TL. D. Landau and I. Ia. Pomeranchuk, J. Exptl. FR. Low, Phys. Rev. 110, 974 (1958). 
Theoret. Phys. (U.S.S.R.) 24, 505 (1953). 8 Dzhelepov, Ivanov, Kozodaev, Osipenkov, 
2Tu. A. Vdovin, Dokl. Akad. Nauk S.S.S.R. 105, Petrov and Rusakov, J. Exptl. Theoret. Phys. 
947 (1955). (U.S.S.R.) 31, 923 (1956), Soviet Phys. JETP 4, 
Sry G: Solov’ev, J. Exptl. Theoret. Phys. 864 (1957). 
(U.S.S.R.) 29, 242 (1955), Soviet Phys. JETP 2, 
159 (1958). 
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The angular distribution of decay electrons from p~ mesons was measured in liquid hydro- 
gen with the aid of scintillation counters. The distribution was found to be isotropic within 
the limits of experimental error. The degree of polarization of ~ mesons in mesic hydro- 
gen was determined from the clectron angular distribution to be less than 2.5%. The observed 
complete depolarization of 4” mesons can evidently be explained essentially by the mechan- 
ism suggested by Zel’dovich and Gershtein, according to which the 47 meson jumps from one 
proton to another simultaneously with a transition to the hyperfine-structure ground state. 
Due to this mechanism a transition between orthohydrogen and parahydrogen is possible. It 
is impossible to determine the form of the interaction between y~ mesons and nucleons by 
measuring the angular distribution of neutrons from the 47 +p—n+vp reaction in liquid 
hydrogen because of the complete depolarization of the »~ mesons. 


hsvarsnreneurens of the capture of polarized p7 
mesons in hydrogen makes it possible to obtain in- 
formation on the nature of the weak interaction 
between muons and nucleons.!~? It is usually 
assumed that ~~ mesons are absorbed by protons 
in mesic hydrogen through the reaction yp” + p— 
n+yvp. The angular distribution of neutrons from 
this reaction provides one method of determining 
the type of interaction. The neutron angular dis- 
tribution is described by 
w(%) = 1 + aBcos@, (1) 

where £6 is the asymmetry parameter in the neu- 
tron angular distribution, the magnitude and sign 
of which depend on the type of interaction, @ is 
the angle between the neutron path and muon spin, 
and a is a parameter which takes into account the 
degree of polarization of ~~ mesons in mesic hy- 
drogen. 

It follows from Eq. (1) that the polarization of 
y- mesons in mesic hydrogen must be measured 
before the experimental determination of the neu- 
tron angular distribution. The present article is 
concerned with an experimental investigation of 
p.~ -meson polarization in liquid hydrogen. The 
work was performed on the synchrocyclotron of 
the Joint Institute for Nuclear Research. 


1. BASIC THEORETICAL CONCEPTS 


We consider the possible depolarization mech- 
anisms for p~ mesons slowed down and stopped 
in liquid hydrogen. It was shown in references 4 
and 5 that when muons are slowed down in matter 
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to a velocity comparable with electron velocities 
in atoms, the muons are not depolarized. Depolar- 
ization evidently does not occur even while the ve- 
locity is subsequently being reduced to zero, i.e., 
until capture in mesic atomic orbits. When a 
mesic hydrogen atom is formed incomplete depo- 
larization is possible as a result of the spin-orbit 
interaction.® The two hyperfine states of the mesic 
hydrogen atom are the singlet ground state (F = 0) 
and the first excited triplet state (F =1). When 
F =0 the meson “has forgotten” its initial spin 
direction (it is depolarized). In the state F=1 
the meson “remembers” its spin direction (it is 
not depolarized). It is easily seen that in an iso- 
lated mesic hydrogen atom the muon does not make 
a transition between levels of the hyperfine struc- 
ture during its lifetime. Indeed, since the excited 
state is 0.2 ev above the ground state the proba- 
bility of a radiative transition (Tygq = 10° sec) 
is many orders of magnitude smaller than the 
probability of meson decay (T ~ 107° sec).’ Let 
us now consider what happens to a mesic hydrogen 
atom which is formed in liquid hydrogen. The fol- 
lowing processes are possible when such atoms 
are produced by the stopping of muons in liquid 
hydrogen: 

(1) Muon capture by a deuteron present in the 
liquid hydrogen: 


wH+D—>wD+H + 135 ev; 
(2) Scattering: 
wH +H-+pH+H, »eD+H—pD-+HA, 
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(3) Formation of mesic molecular ions: 
ud + HowHH, »pH+D—e HD, »wD+H—-p DH. 


The probabilities of these processes have been 
considered theoretically in references 7 to 11. 
One interesting result of these studies is the fact 
that the cross section for process (2) is two orders 
of magnitude greater than the cross section for the 
other processes. Zel’dovich and Gershtein’ have 
shown that, because of the neutrality of the mesic 
hydrogen atom, there exists in the scattering proc- 
ess a very effective mechanism of muon “jumps” 
from one proton to another with a simultaneous 
transition to the lower hyperfine level. Since the 
probability of these jumps (~ 10° sec!) is three 
orders of magnitude greater than the probability 
of muon decay (0.5 X 10° sec™! ), all mesic hydro- 
gen atoms are put into the ground state of the hy- 
perfine structure within the muon lifetime. Com- 
plete depolarization of the ~~ mesons should result 
from these transitions. 


2. EXPERIMENTAL PROCEDURE 


The polarization of ~~ mesons stopping in 
liquid hydrogen was investigated by measuring 
the anisotropy of the angular distribution of the 
decay electrons.® 


A negative pion beam of energy ~ 150 Mev and 
intensity ~ 900 1/cm*-sec was directed at the 
experimental setup (see the figure). Aluminum 
absorbers with a total thickness of 32 cm were 
used to slow down the muons and to clear the 
pions from the beam. A fraction of the muons 
passed through the absorbers and were stopped 
in the target, which consisted of liquid hydrogen 
in an ordinary glass Dewar vessel. The Dewar 
had an inside diameter of 15 cm and length of 30 
cm. The target was surrounded by a copper wire 
coil which generated the magnetic field required 
for muon precession. Two scintillation counters 
1 and 2 connected in coincidence registered the 
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muons which struck the target. Electrons from 
muon decay in the target were registered by 
counters 3 and 4, which were also connected in 
coincidence. The resolving time of the coinci- 
dence circuits was 5107 sec. Plastic (poly- 
styrene + 2% p-terphenyl + 0.1 @ NPO) scin- 
tillators of 100 mm diameter and 6 mm thickness 
were used. A 6 g/cm? paraffin absorber was 
placed between counters 3 and 4. The electronic 
circuit functioned as follows. A (1 + 2) -coinci- 
dence pulse was delayed for 0.5 y sec and initi- 
ated a gate of 1.5 uy sec duration for (3 + 4)- 
coincidence pulses, which reached a scaler and 
were registered by a mechanical counter. At the 
same time (1+ 2)-coincidence pulses reached 
their own scaler, which served as a monitor. 

Thus the circuit registered electrons with a range 
greater than 8 g/ cm? produced during the time 
interval from 0.5 to 2u sec after the stopping of 
muons in the hydrogen. The angular distribution 
of the electrons was investigated by measuring 
the number of electrons as a function of the mag- 
netizing current in the coil. The range of the mag- 
netic field containing the target was in accordance 
with calculations for the precession of a mesic 
hydrogen atom in the triplet state. In this state 
the magnetic moment of the mesic hydrogen atom 
is approximately equal to the magnetic moment of 
the muon and the angular momentum is given by 
F=3+432=1. It is easily:shown that the preces- 
sion frequency of mesic hydrogen atoms in a mag- 
netic field is one half as great as the precession 
frequency of free muons. A 20-cm lead shield 
entirely surrounded the target and counters for 
the purpose of reducing the background. The 
electron counting rate was usually 20 per minute. 
The background level was 4 counts per minute and 
was independent of the magnetic field. The “low” 
background was attained because the target Dewar, 
shield, and magnetizing coil consisted of materials 
with relatively large Z, in which the probability 
of w~ -meson decay is small. The experiment re- 
vealed no dependence of the electron counting rate 
on the magnetizing current. The asymmetry pa- 
rameter a in the angular distribution of decay 
electrons, I1(@)=1+acos 6, was found to be 
—0.01 + 0.01. 

R=1.00 + 0.01 was found for the ratio of the 
number of electrons at the maximum and minimum 
of the expected precession curve, for which the 
best statistical results are obtained. 

a and R were corrected for the delay time, 
gate width, y~-meson decay and solid angle of 
the electron detector. The indicated errors are 
the standard deviations. 
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3. INTERPRETATION OF RESULTS 


The values of a and R show that the angular 
distribution of electrons was isotropic within the 
limits of experimental error. These results made 
it possible to determine the degree of polarization 
P of muons in mesic hydrogen through use of the 


energy dependence of electron asymmetry in pt-et 


decay. We shall assume that wt-meson beams 
from internal synchrocyclotron targets have ap- 
proximately the same degree of polarization inde- 
pendently of the proton energy.'? By assuming 
that our u~ -meson beam had the same degree 

of polarization as a w*-meson beam we can de- 
termine P from the inequality 3a) < P < 4ay 
in reference 13, where ay is the asymmetry 
parameter for the integrated spectrum. From 
this inequality we obtain P = 2.9 + 2.9%. The 
results for R indicate that any remaining polar- 
ization of muons in hydrogen does not exceed 
2.5%. 

It was pointed out at the beginning of this ar- 
ticle that, because of the fine and hyperfine struc- 
tures, meson depolarization is incomplete when 
mesic hydrogen atoms are produced. Our exper- 
iments!* show that in mesic atoms of Cy 07. Mg 
and S the polarization amounts to 16 + 4%. When 
fu— -mesons stop in matter with zero nuclear spin 
the principal depolarization mechanisms will be 
the spin-orbit interaction and the interaction be- 
tween the magnetic fields of the atomic electron 
shell and of the uw” meson during its lifetime in 
the K orbit. In matter with non-zero nuclear 
spin there will be an additional depolarization 
mechanism due to the hyperfine interaction. This 
last mechanism reduces the polarization of pu™ 
mesons in such substances. As mesic-hydrogen 
atoms are formed in hydrogen, meson depolari- 
zation results mainly from the fine and hyperfine 
structure interactions. The electron shells cause 
no depolarization. For this reason the expected 
polarization of ~~ mesons would be much higher 
than 6% immediately after the formation of mesic 
hydrogen. The polarization which we observed 
experimentally was below 2.5%. In addition to 
the mechanisms already mentioned, y7~ -meson 
depolarization can accompany the scattering of 
mesic hydrogen atoms in atomic magnetic fields. 
However, this will be insignificant because of the 
small number of collisions required for the muon 
to drop to the lower hyperfine state.'t-!5 It appears 
that the observed complete depolarization results 
mainly from the mechanism suggested by Zel’do- 
vich and Gershtein, whereby a muon “jumps” from 
one proton to another and simultaneously drops to 
the lower state of the hyperfine structure. This 


result is of fundamental importance since it shows 
that complete meson depolarization prevents deter- 
mination of the nature of muon-nucleon interaction 
through measurement of the neutron angular dis- 
tribution from the uy” +p—n+vp reaction in 
liquid hydrogen. 

The question arises whether muon depolariza- 
tion can be prevented in some way. It is quite 
evident that we cannot prevent the depolarization 
that results from the fine and hyperfine structure. 
It might appear that we could prevent depolariza- 
tion by the “jump” mechanism through the use of 
gaseous hydrogen, where the number of collisions 
between mesic hydrogen atoms and ordinary hy- 
drogen atoms would be smaller, with a resulting 
smaller number of “jumps.” But this is not a 
likely method of preserving the polarization, since 
the probability of the indicated transitions is so 
large that jumps occur after the first few colli- 
sions." 

As has been pointed out to us by V. B. Beliaev 
and B. N. Zakhar’ev, muon depolarization result- 
ing from the jump mechanism and the hyperfine 
structure can be prevented only if we can com- 
pletely polarize the (hydrogen) medium in the 
direction of polarization of the muon beam. 

We have been considering collisions between 
mesic hydrogen atoms and ordinary hydrogen 
atoms. Let us now consider collisions between 
hydrogen molecules and mesic hydrogen atoms. 
We know that ordinary hydrogen consists of 75% 
orthohydrogen molecules (with parallel nuclear 
spins) and 25% parahydrogen molecules (with 
antiparallel spins). Since spontaneous transitions 
between ortho- and paramolecules are impossible 
the ratio 3:1 is preserved in liquid hydrogen. Only 
in the presence of certain catalysts (such as ac- 
tivated charcoal) can orthomolecules be trans- 
formed into paramolecules. It is easily seen that 
the jump mechanism can lead to such a transfor- 
mation in the presence of mesic hydrogen atoms. 
Therefore if hydrogen is bombarded with a suffi- 
ciently intense muon beam the 3:1 ratio will be- 
come nearly 1:1. 

In conclusion, the authors thank Academician 
Ia. B. Zel’dovich and 8. S. Gershtein for making 
their work available to us before publication, and 
for a discussion of our results. The authors also 
wish to thank V. B. Beliaev and B. N. Zakhar’ev 
for numerous discussions and for their continued 
interest. 
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The interaction between 250 to 270-Mev 7m* mesons and carbon nuclei was measured by 
means of a propane bubble chamber. The total and differential cross sections for elastic 
and inelastic scattering as well as the total cross section for absorption and charge ex- 
change of the + mesons were determined. The prong distributions were obtained both 

for stars containing mesons and for those without mesons. Within the experimental errors, 
elastic scattering can be described by diffractional scattering for a nucleus with K = 0.54 x 
te cm~!, V = 30 Mev, and R=3.2x107!3 cm. The inelastic scattering data confirm the 
assumption that m mesons interact with separate nucleons in the nucleus and that the num- 
ber of interactions in the carbon nucleus is not large. Analysis of stars not containing 
mesons permits one to assert that the absorption of a a* meson in the carbon nucleus and 
the subsequent decay of the 1'-C system cannot be explained on the basis of the evapora- 


tion model or the so-called cascade process. 
1. INTRODUCTION 


‘Taere have been many studies of m-meson in- 
teractions with nuclei, and in particular with car- 
bon, for 7 meson energies below 200 Mev;!* a 
few studies have dealt with energies greater than 


290 Mev.°~’ These studies were made with the aid 


of either Wilson chambers or scintillation counters. 


In the present investigation a propane bubble 
chamber was used to study the interactions of 7 
mesons with carbon. The advantage of using a 
propane bubble chamber is that the carbon nuclei 
are in a working fluid (C3Hg) and the point of 
the m+-C interaction is plainly visible. The dis- 
advantage is that the tracks left by low-energy 
particles are not visible. For example, elastic 
m+-C scatterings (for E, = 270 Mev) appear 
in a propane chamber as stars with a single prong. 


2. EXPERIMENTAL ARRANGEMENT AND 
GEOMETRY 


A propane bubble chamber with a diameter of 
110 mm and a depth of 55 mm was used in the ex- 
periment. Its construction has already been de- 
scribed.® 

The chamber was irradiated by 7m mesons 
from the synchrocyclotron in the Laboratory for 
Nuclear Problems of the Joint Institute for Nuclear 
Research. Positive m mesons were generated in 
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a polyethylene target. In our experiments we used 
targets 16, 20, and 30 cm thick placed in the path 
of a beam of 660-Mev protons extracted from the 
synchrocyclotron chamber. An analyzing magnet 
was used to isolate a monochromatic beam of 7* 
mesons from the p+p—a' +d reaction. The 
mesons were emitted at an angle of 9° to the direc- 
tion of the proton beam. After magnetic analysis, 
the meson beam was sent through a collimator in 
a concrete shield 4 meters thick into the room con- 
taining the bubble chamber. The beam entered the 
chamber through a thin wall 40 mm in diameter, 
having first passed through a lead collimator 20 
cm long and a copper filter (18 g/cm”), both 
placed directly before the chamber. The filter 
was used to rid the 7*-meson beam of protons 
with the same momentum as the mesons. The 
experimental set up is shown in Fig. 1. A total 
of 3500 photographs were obtained for a mesons 
with an energy of 270 + 10 Mev, and 400 photo- 
graphs were obtained for an energy of 250 + 10 
Mev. A UIM-21 microscope? was used to process 
the photographs. 

A special electronic radio circuit, fed with 80 
to 100 cps pulses from the photo-transducer of a 
frequency variator, was used to synchronize the 
operation of the bubble chamber with that of the 
synchrocyclotron. Every 12 seconds the circuit 
was opened to admit 3 or 4 pulses from the photo- 
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steel 
lead 


transducer and accordingly to yield 3 or 4 pulses 
for switching on the high frequency to the control 
circuit. The initial triggering pulse could be reg- 
ulated by a delay in such a way that the chamber 
would register the third or fourth pulse of the 
accelerated particles. 


3. EXPERIMENTAL RESULTS 
I. Elastic m+-C Scattering 


The reaction 


7 MN Gee aan (1) 

must be distinguished from other reactions such as 
Ponape Pie O eld), (2) 

at  (n) at +1, (3) 

n+ (p)>nt*+p (6 <15%, (4) 


where (n) and (p) indicate that the reaction 
occurs because of a bound neutron or a bound pro- 
ton respectively. 

Our statistics did not include interactions by r 
mesons with deviations larger than 10° from the 
beam trajectory or interactions with a scattering 
angle @< 10° (@ being the scattering angle of the 
mt meson in the laboratory coordinate system ) 
For angles up to 10° large contributions are made 
by Coulomb scattering, m-y-e decay, and elastic 
m-p scattering, all of which are indistinguishable 
from reaction (1) in the propane chamber. Since 
the probability for elastic scattering of 7 mesons 
by carhon for angles > 70° is very small, it was 
assumed that scattering into angles > 70° belonged 
to reaction (8). 

Occurrences of elastic m*-p scattering in the 
interval 10° < 4 < 15° were excluded from the sta- 
tistics in accordance with the data of Pontecorvo 
et al.!° Furthermore, occurrences belonging to 
reactions (3) and (4) for 10° <4 < 70° (when 6 > 
15° reaction (4) appears as a two-pronged star ) 


+ 
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FIG. 1. The experimental setup. 1) magnetic chan- 
nel, 2) proton beam with E = 660 Mev, 3) quadrupole 
lens, 4) polyethylene target, 5) m* meson beam, 

6) synchrocyclotron chamber, 7) magnet, 8) cast-iron 
bricks, 9) propane bubble chamber. 


were excluded in accordance with the inelastic 
scattering distributions for carbon as obtained by 
Dzhelepov et aly 

The elastic scattering cross section for 10° = 
@ < 70° was measured to be dejag = (170 + 16) 
millibarns. 

Besides the total elastic cross section, the dif- 
ferential cross section (Fig. 2) was obtained. Ac- 
cording to Watson et al.,!! the real part of the 
nuclear potential well for carbon is 30 Mev deep 
for E, = 270 Mev. On the basis of the “optical 
model”! for positive pion-carbon scattering we 
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computed the angular distribution for a hypotheti- 
cal uniform distribution of nuclear material inside 
a sphere of radius R = 1.4A%3 x 10718 em = 3.2 x 
10°8 em, K = 0.54 x 10'% em and v = 30 Mev 
(solid curve in Fig. 2). Here K is the absorption 
coefficient for * mesons in the nuclear material. 
This coefficient was determined (cf. Dzhelepov et 
al.°) from the equation 


K = [(Gn+-p + ont—n) A/2]/(4/s2R2), 


where O7+—p and o,+_y are the total in- 
teraction cross sections for mt mesons with free 
protons and neutrons respectively for E, = 270 
Mey, as given by Barkov and Nikol’skii;!? R is 
the radius of the carbon nucleus. The angular 
distribution for the elastically scattered 1m? 
mesons is seen to be in satisfactory agreement 
with the diffraction-scattering curve. The dif- 
fraction scattering cross section for 10° < 6 < 70°, 
obtained by integrating over the theoretical curve, 
is 193 millibarns. 

The azimuthal distribution for elastic scatter- 
ing through an angle ~ was also plotted for 104 
cases with 15° < @ < 70°. It was found that 54 a? 
mesons were scattered into the upper hemisphere 
and 50 into the lower. 49 and 55 7+ mesons were 
scattered respectively into the right and left hemi- 
spheres. Thus, within the limits of statistical er- 
ror, the distribution in ~ was symmetrical. To 
increase the statistics, the g distribution was 
reflected about the 180° axis and folded together 
(Fig. 3) (i.e., points 0° and 360° coincided). It 
can be seen that the distribution is anisotropic. 
Such a distribution can be explained by the lower 
viewing efficiency for cases with an angle of 9 
near 90°, as well as by the lack of sufficient sta- 
tistics. 

If we add ~12 cases of elastic mt-C scatter- 
ing to the 45° < ~ < 135° interval, so that the dis- 
tribution becomes isotropic, the elastic scattering 
cross section will be (192.2 + 18.5) millibarns, 
which is in very good agreement with the diffrac- 
tional scattering cross section for V = 30 Mev 
with K =0.54 x 103 cm“ 
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II. Inelastic m+-C scattering 


The inelastic scattering of m* 


bon occurs as follows 


mesons by car- 


n* + C—+x*-+(N prongs) (V =0, 1, 2,.... 6) (5) 


It is difficult to distinguish reaction (5) from 
interactions that accompany 7* meson absorption 
or charge exchange if the energy of the secondary 
m meson in reaction (5) is less than 60 Mev 
(g/g) = 2 or 2.5 for m* mesons with E < 60 Mev 
and for protons with E < 250 Mev!*). Such ambig- 
uous cases increased the experimental error of 
the measured cross section. Examples of elastic 
m-p scattering (@ >15°) are usually easily dis- _ 
tinguished from examples of inelastic m*-C scat- 
tering on account of the kinematics and coplanar- 
ity of the interaction. There were, however, four 
cases difficult to attribute to elastic or quasi- 
elastic + meson-proton scattering because of a 
considerable error in the measurement of the 
angle 9. 

To obtain the inelastic *-C cross section for 
6 > 70° we included in our statistics of stars con- 
taining a meson those stars as described by re- 
action (3) that had been singled out during our in- 
vestigation of one-pronged stars. It is necessary 
to include cases of bound nucleon scattering in the 
interval 0° < @ < 15° and bound neutron scattering 
in the interval 15° = @ = 70°. These were obtained 
by comparing the angular distribution for the in- 
elastically scattered m mesons, produced in the 
course of our work, with the distribution reported 
by Dzhelepov et al.° The inelastic scattering 
cross section is 


o.., = (12028) millibarns. 


inel 


The angular distribution in the laboratory co- 
ordinate system for am’ mesons inelastically scat- 
tered by carbon shown in Fig. 4, resembles the 
angular distribution for 270-Mev a mesons scat- 
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TABLE I. Distribution of stars by 
prongs 


Number of prongs 


| ; 


Number 
of 


stars it | an 


469 


Without a meson| 17 


27_3 


45+8 


With a meson 5 
4) 


3 


*Error due to distribution. 


tered by hydrogen as measured by us and shown 
dotted in the same figure. This experimentally- 
determined fact indicates that scattering in the 
nucleus involves separate nucleons and that the 
number of scatterings in the carbon nucleus is 
small. This view has been advanced before by 
several authors.*®»»!5-!" The discrepancy for 

0° < 6 < 20° can be explained by assuming that 
when the scattering is through a small angle (in 
the case of a single collision), the 7 meson 
loses but a small portion of its energy, while the 
low-energy recoil proton (Ep < 10 Mev) is in- 
visible in propane. On the other hand, a careful 
scanning of some of the photographs failed to un- 
cover any circumstance that would explain the 
reaction 


mn +(n)>r+p for 6>75°. 


Consequently, one is led to think that more is 
involved than the invisibility of low-energy protons 
in propane; Pauli’s principle must also play a role. 

Table I illustrates the dependence of the num- 
ber of stars on the prong count per star with no 
account being taken of the scattered m* meson. 
From these data it follows that for the majority 
of inelastic scatterings of 7 mesons a single 
recoil particle is visible — probably a proton. 
Many of these examples are quasi-elastic colli- 
sions. This fact, serves as an additional confir- 
mation of the view that in most cases of inelastic 
scattering the *-meson collides with an individ- 
ual nucleon in the carbon nucleus and only once. 


III. 7*-Meson Absorption in Carbon and Charge 
Exchange 


Propane is a poor photon detector. In our cham- 
ber the probability of pair production by photons 
was less than 3%. Actually, not a single pair was 
observed. Therefore, it was not possible to obtain 
separate cross sections for absorption and charge 
exchange. The observed cross section for stars 
without mesons was 0 = dq + dg = (165734) milli- 
barns, where 0g is the absorption cross section 
and o, the charge-exchange cross section. The 


uncertainty includes the statistical and distribution 
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correction error. The prong distribution for stars 
containing a meson and those lacking one is in- 
cluded in Table I. 

For stars lacking a meson the angular distri- 
butions of secondary particles with a range of 16 
mm or less and those with more than 16 mm were 
determined for a projection onto the photograph 
plane (16 mm is the range of a 30-Mev proton, 

30 Mev being the upper limit of the evaporation 
spectrum! of evaporated particles for nuclei with 
A= 100). An anisotropic prong distribution was 
found. As expected, the angular distribution for 
long (> 16 mm) prongs tended more in the for- 
ward direction. The fact that the distribution for 
short (< 16 mm) prongs is anisotropic and that 
the number of the nucleons in the carbon nucleus 

is small suggests that evaporation is not the mech- 
anism of particle emission when a 270 Mev T 
meson is absorbed by carbon. Moreover, as Table 
I indicates, among all the stars lacking a meson, 
we observed one seven-pronged star, one six- 
pronged star, and two five-pronged stars. The 
prongs of each of these stars emerge from the 
nucleus more or less symmetrically. For ex- 
ample, in the case of the six-pronged star three 

of the prongs extend out for more than 5 cm, and 
form included angles of 110°, 123°, and 118°, 
whereas the other three prongs extend for several 
millimeters. The angle between the direction of 
one of the high-energy prongs and the plane con- 
taining the two other similar prongs is ~ 20°. The 
average number of visible (Ep > 10 Mev) prongs 
per star for all of the stars lacking a meson is 
2.6. In view of the small charge of the carbon 
nucleus, it is possible to rule out as a mechanism 
the so-called cascade process, in which the num- 
ber of prongs is normally much lower than the 
number of nuclear protons. 

We propse that when a mesons are absorbed 
by light nuclei, such as carbon, all of the energy 
(in our case 410 Mev) is distributed among all 
of the nucleons, and an “explosion” of the nucleus 
immediately ensues. The probability of a given 
number of charged particles is found in the follow- 
ing manner. Let us assume that upon absorption 
of a 7* meson by a carbon nucleus the system 
formed consists of 7 protons and 5 neutrons with 
an excitation energy of 410 Mev. This system 
disintegrates very rapidly, explosively, into sev- 
eral free nucleons and one nuclear fragment. 

All of the allowed transitions were considered. 
For example, a transition in which 7 protons are 
emitted leaving a nuclear fragment of 5 neutrons 
is prohibited, a transition in which two protons 
or two protons and one neutron are emitted with 
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TABLE II 
Number of No. of prongs for stars without a meson 
stars SEA eh ee gale 
Experimental 
data AN 45+8 oD 14 Ze Wain | 
Computed 
data PAPA | MESS AN PY NN aA a} 6,1|1.6)/0,4 


a fragment in the form of aol or eh is allowed, 
etc. 

If the average energy carried off by the frag- 
ment nucleus and the binding energy of the nu- 
cleons in the nucleus are considered, one: can 
compute the average momentum of a nucleon 
escaping from the system. We further propose 
that the probability of any allowed transition is 
proportional to the third power of this average 
momentum. By combining the probability of the 
allowed transitions with the corresponding num- 
ber of protons we obtain the relative weights of 
these transitions and, for our statistics, the ex- 
pected prong distribution shown in Table II. 

A comparison of the experimental and com- 
puted data indicates that the absorption of am 
mesons by carbon and the subsequent decay oc- 
curs via the proposed mechanism. 

In Fig. 5, the black dots represent the energy 
dependence of the o,/otota] ratio for the carbon 
nucleus. The data for E, = 62 Mev were taken 
from Byfield et al.! for E, = 125 Mev from Kess- 
ler and Lederman,’ and for E, = 230 Mev from 
Dzhelepov et al.’ The decrease in og/otota] with 
an increase in energy is evidence of a decrease in 
the contribution of «*-meson absorption to the 
nuclear interaction between mesons and carbon. 
The probability of -meson absorption by two 
nucleons in a nucleus was computed on the assump- 
tion that a m meson with momentum |x| is ab- 
sorbed only if the relative momentum of the two 
nucleons equals or exceeds |x| or, in other words, 
that the distance between the two nucleons is equal 
to or less than 1/!«|. For this purpose a two nu- 
cleon function 41.2 =V a/2nr e~2/yr was assumed, 
in which case the momentum distribution is given 


by 


leo} 


Nik) = | \ by,2¢7*" dr j 


The quantity a was determined from the expres- 
sion a*h?/M = 18 Mev.!® The meson absorption 
probability for the two nucleons is 
Wa(K)~4n\ N (k) kedk, 
K 
where k is the wave number of the nucleons, and 


"950 00 160% 250 00 a0 tan 460 500 E Mev, 

FIG. 5. The energy dependence of o4/0; ota) for 7 mesons. 
© — interaction of 7+ mesons with carbon; @ — 7~ meson ab- 
sorption in the photographic emulsion; x — 7+ meson absorp- 
tion in emulsions. 
kK the wave number of the m mesons. The energy 
dependence of this probability is shown by the solid 
curve in Fig. 5. The curve is normalized to the 
experimental data at E, = 125 Mev.® At Eq = 230 
Mev? and 270 Mev (the present investigation) the 
cross section 0 = 0g +0c¢ is known. One can then 
deduct the charge exchange cross section as deter- 
mined from data on the charge exchange between 
a free proton and a mesons. Of course, this is 
approximate. As can be seen from Fig. 5, the 
theoretical curve reproduces the energy depend- 
ence of dg/0tota] moderately well. Experimental 
data on the absorption of 7 and m~ mesons in 
the nuclei of the photographic emulsion?~** were 
also included in Fig. 5. Consequently, one may 
conclude that the contribution of dg to Ototg] 
decreases with an increase in energy for all the 
nuclei. 

From Fig. 5 it can be seen that the discrepancy 
between the experimental and theoretical data in- 
creases as the energy of the incident 7 mesons 
increases. This can be explained by the fact that 
the greater the energy of the m mesons, the 
greater the absorption contribution from 7m me- 
sons after a preliminary scattering in the nuclear 
matter. 


4, TOTAL CROSS SECTION FOR THE INELASTIC 
INTERACTION OF MESONS WITH CARBON 


The measured total inelastic cross section of 
hs ° 
270-Mev m* mesons on carbon is 


, = 29613 millibarns. 


Sine 
A reduction in the distribution correction error 
has reduced the error here. Within the experi- 
mental error the measured cross section is in 
agreement with the value ojp = 272 millibarns 
which, according to the optical model, is given by 


one = wR? {1 — [1 — (4 + 2 KR) e-***] (2 K?R*}, 


where R is the radius of the carbon nucleus and 
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is equal to 3.2 x 1078 cm, and K is the absorp- 
tion coefficient, equal to 0.54 x 10°? coms The 
measured cross section is also in agreement with 
the value of 300 millibarns as obtained from the 
“inelastic interaction cross section vs. energy” 
curve for carbon, based on the data given by 
Ignatenko et al.! 


CONCLUSION 


The results obtained in the present investiga- 
tion of the interaction of 7’ mesons with carbon 
can be summarized as follows. 

1. The total and differential cross sections ob- 
tained for the elastic scattering of m™’ mesons by 
carbon for energies from 250 to 270 Mev are in 
good agreement with the computations based on 
the optical model with an absorption coefficient 
K = 0.54 x 10!3 em7! and with V = 30 Mev and 
R = 3.2 x 10-!% cm for the real part of the com- 
plex potential. 

2. For the angular distribution in ~ no asym- 
metry was observed to the right, while to the left 
it was the same as reported by Kozodaev et tle 

3. Within the limits of experimental error, the 
cross section for the inelastic interaction is in 
agreement with that computed from the optical 
model with K = 0.54 107% em and R=1.4A" 
al0m cr = 3.2 < 107" :em, 

4. The angular distribution obtained for ine- 
lastic scattering of mt mesons by carbon con- 
firms the assumption reported by other authors 
that the interaction of 7 mesons with complex 
nuclei occurs through the interaction with sepa- 
rate nucleons in the nucleus and that the number 
of the interactions in the carbon nucleus is not 
large. 

5. The prong distribution was obtained for stars 
lacking a meson. An attempt was made to explain 
this distribution. 

6. The ratio og /otota] was plotted as a function 
of m meson energy. The decrease in the ratio 
with an increase in meson energy is in agreement 
with the decrease in the probability of + meson 
absorption by two nucleons in the nucleus as the 
energy of the meson increases. 
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for their help in conducting the experiment, and 
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The variation of the critical lattice parameters of manganese telluride in the vicinity of the 
antiferromagnetic transition point was investigated by x-ray diffraction. A hypothesis con- 
cerning the magnetic structure of MnTe is advanced on the basis of the data obtained. The 
Néel point Ty = 310°K was determined from the anomalous variation of the thermal expan- 
sion coefficient, and the dependence of Ty on hydrostatic pressure was determined. 


An x-ray diffraction investigation of the thermal 
expansion coefficient of the antiferromagnetic com- 
pound MnTe is of interest for two reasons. A de- 
tailed study of the anomalous expansion or com- 
pression of the crystal along its principal crystal- 
lographic axes in the temperature region of the 
antiferromagnetic transition (Ty) leads toa 
hypothesis regarding the magnetic structure of 
this antiferromagnetic substance. X-ray diffrac- 
tion studies of the antiferromagnetic oxides MnO, 
FeO, and NiO‘? have shown that the transition 
from the paramagnetic to the antiparamagnetic 
state of these compounds is accompanied by re- 
duced symmetry of their lattices, which are of 
the cubic NaCl type. The definite magnetic 
structure of these compounds that was inferred 
from this result was confirmed by neutron-dif- 
fraction experiments.* Very few such investiga- 
tions have thus far been made of substances with 
hexagonal lattices. A study of the antiferromag- 
netic compounds CrSb*** and MnTe,’ which pos- 
sess a hexagonal lattice of the NiAs type, has 
shown that the change in the crystal lattice near 
the Néel temperature of these compounds consists 
only in a change of their axial dimensions without 
a transition to another symmetry class. It should 
be noted that the data for MnTe need verification, 
since the Néel temperature which was determined 
by Greenwald!’ from the anomalous variation of the 
thermal expansion coefficient (Tj =+50°C) dif- 
fers markedly from the value of 35°C given by the 
same author in another article.° 

Investigation of the anomalous thermal expan- 
sion around the Néel temperature makes it possible 
through the use of thermodynamical calculations to 
determine the variation of the antiferromagnetic 
transition temperature of manganese telluride 
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under changing hydrostatic pressure. This is of 
interest for its own sake and for verification of the 
Néel-temperature shift under hydrostatic pressure 
which was measured by Grazhdankina.® 


PREPARATION OF SAMPLE AND METHOD OF 
MEASUREMENT 


Manganese telluride samples were prepared by 
fusing carefully mixed fine powders of manganese 
and tellurium in sealed evacuated quartz ampoules 
at t = 800°C. The raw material was electrolytic 
manganese of the following composition: 99.8% Mn, 
0.07% S, 0.07% C, and 0.03% P. The manganese was 
remelted under ahigh vacuum for degassing. Chemi- 
cal analysis of the tellurium showed the following: 
Te > 99.999%, 0.0001% Cu, 0.0002% Ag, Bi< 
0.0001%, 0.0001% Sb, and As. Samples in the 
form of discs of 9 mm diameter and 1 mm thick- 
ness were prepared by pressing finely powdered 
manganese telluride in a special mold. This was 
followed by annealing at a low temperature. X-ray 
phase analysis showed the presence of traces of 
MnTe, in addition to the principal MnTe phase. 

The thermal expansion coefficient of mangan- 
ese telluride was determined by the x-ray diffrac- 
tion method that was developed by Kosolapov and 
Trapeznikov,’ which differs from the ordinary 
back-reflection method mainly by the possibility 
it affords of obtaining aluminum lines as a stand- 
ard and lines of the test material on the same 
film. Errors due to film shrinkage during devel- 
opment can thus be avoided and the accuracy of 
the measurements is considerably enhanced. Using 
the aluminum lattice constant a (20°C) =4.040A 
and the linear thermal expansion coefficient aa] 
= 25.5 x 107° deg™', we calculated the effective 
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Lattice constants and volume (V) of MnTe unit cell 
a a 


T,KlaAl|oA cja 1 IN|) NE ey Se I es IK IN cla as IN] 
253 |4.083|6.696| 1.639 96.66 320 4.091 6.716 4.642 97.34 
286 |4.086]6.700] 1.639 96.90 334 4.093 | 6.719 1.642 97.46 
293 | 4.087] 6.701 1.639 96.93 347 Hi OOS | Oniaes 1.642 97.902 
306 |4.088|6.708| 41.640 97.08 358 4.094 | 6.724 1.642 97.59 
313 |4.08916.716] 1.642 97.24 


distance A between the sample and the film, 
which differed for different lines of the x-ray 
diffraction pattern. From a knowledge of A for 
the two extreme lines we could determine A for 
any intermediate line of MnTe (taking into account 
the thickness of the aluminum standard foil which 
was cemented to the surface of the sample). The 
constants of the MnTe lattice were calculated 
from the lines (135) a;, (306) a, and (1385) Qo, 
(306) a). The error in the constants a and c, 
defined as the mean deviation of individual values 
of a and c from the average of five values, 
amounted to 0.026%. 

The photographs were taken with a KROS-1 
camera using the x-ray lines Kq, = 1.537A and 
Kaq, = 1.541A from a tube with a copper anticath- 
ode. The sample and cemented-on aluminum foil 
were clamped to a heater by means of a special 
band consisting of a hollow brass cylinder through 
which water flowed from a Hoeppler thermostatic 
bath thus maintaining the temperature of the sam- 
ple constant to within 0.1°. For the production of 
low temperatures the thermostatic-bath liquid was 
ethylene glycol with dry ice as the refrigerant. 
Temperatures were measured by a potentiometer 
with the aid of a copper-constantan thermcouple 
clamped tightly to the sample. 
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RESULTS AND DISCUSSION 


Thermal expansion of the manganese telluride 
lattice was investigated in the temperature range 
from 250 to 370°K. At room temperature (+20°C) 
the constants a and c had the following values: 
a=4.087+0.001A and c=6.70140.002A. 
These differ somewhat from the values given by 
Oftedal!® (a = 4.132, c =6.711), Greenwald? 

(a = 4.142, c=6.703) and Furberg!! (a = 4.146, 
ec =6.709). The parameters of the MnTe lattice 


at different temperatures are shown in the table 
ehovel ota, Iakey, Ie 

The given temperature range includes the anti- 
ferromagnetic transition temperature Ty = 310°K, 
at which point our measurements show a kink in 
the temperature dependence curves of electrical 
resistance and magnetic susceptibility. Figure 1 
shows a kink located at the same point on the tem- 
perature dependence curve of the thermal expan- 
sion of c, although there is no change of the line- 
arity of the temperature dependence of a in the 
same range. The ratio c/a increases from 1.639 
at room temperature to 1.642 at 350°K. This rep- 
resents an increase of unit cell volume by 0.27% 
during the transition from the antiferromagnetic 
to the paramagnetic state. A calculation of the 
linear thermal expansion coefficients along the 
a and c axes of the crystal gave the following 
results: Q, = 2.79 x LOne deg}, Oe (esi) 
2.68 x 10~° deg™ ‘and og (T< Ty) = 190108: 
deg !. At the Néel temperature the jump of the 
linear expansion coefficient along the ec axis is 
Ade = 12x 107 deg (Fig. 2). The volume ther- 
mal expansion coefficient of manganese telluride 
at T= 300°K is 7.48 x 107° deg, which is close 
to the value of ay for aluminum. 


ay i0” 
20 7 
6 


dist 


0 
250 215 = 300 HEB 
BK 
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As we compare our data with those of Green- 
wald’ we must first note their qualitative agree- 
ment. In both instances we find that when mangan- 
ese telluride is heated above TN the anomalous 
expansion of the crystal occurs only along the c 
axis. The type of crystal structure was not ob- 
served to change within the investigated tempera- 
ture range. However the temperature TN = 329°K 
given by Greenwald and the anomalous change of 
the thermal expansion coefficient at the Néel tem- 
perature, Aag=6X10, are distinctly different 
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from our results. We attribute this discrepancy 
to the fact that in the vicinity of TN Greenwald 
measured the lattice parameters at large tempera- 
ture intervals (20 to 30°), as a result of which it 
became very difficult to determine the exact posi- 
tion of Ty from a kink in the curve of c(T). 
The absolute values of c at different tempera- 
tures are in good agreement with our results. 

The structure of the magnetic sublattices of the 
antiferromagnetic compound MnTe is unknown 
because no neutron-diffraction studies have been 
made up to the present time. However, by using 
the relation which Smart and Greenwald? estab- 
lished between the magnetic structure of antifer- 
romagnetics and variations of the lattice param- 
eter around Ty, as well as experimental results 
of the neutron-diffraction and x-ray diffraction 
studies of CrSb,°*® which has the same crystal 
structure as MnTe, we can draw some inferences 
regarding the magnetic structure of manganese 
telluride. The sharp change of crystal dimension 
along the c axis, while the constant a varies 
linearly, around Ty supplies evidence that the 
magnetic moments of the Mn atoms are parallel 
to the c axis, that is, perpendicular to the (001) 
plane, with all moments in any single (001) plane 
lined up parallel but with opposite orientations in 
neighboring (001) planes. Thus the nearest neigh- 
bors of Mn atoms have antiparallel magnetic mo- 
ments, whereas next nearest neighbors have par- 
allel moments.* In such a structure of the magnetic 
lattice the manganese atoms must interact mainly 
directly without participation of the tellurium 
atoms. The established anisotropic change of the 
lattice indicates that in the present case, unlike 
that of ferromagnets, magnetic forces rather than 
exchange forces are important at the magnetic 
transition temperature. From the foregoing we 
infer the invalidity for manganese telluride of 
Li’s!? ideas regarding the dominant role of a 


*In a lattice of the NiAs type the nearest neighbors of a 
given magnetic atom are located along the c axis at the dis- 
tance c/2. 


superexchange interaction in anisotropic changes 
of antiferromagnetic lattices upon passing through 
the Néel temperature. 

In conclusion we shall calculate the shift of the 
Néel point of manganese telluride under hydro- 
static pressure. Our value for the jump of the 
thermal expansion coefficient, Aw = 12 x 107° deg’!: 
and Kelley’s value! for the anomalous change of 
the specific heat, ACp = 5 cal/deg-mol, at Ty = 
310°K are inserted into Ehrenfest’s equation for 
a second order phase transition, dT, /dp = VTy x 
Aa/ACy. In calculating the molar volume V the 
density of manganese telluride was taken from 
x-ray data to be 12.48 g/em*. Our result is 
dTy/dp = 2.6 x 107° deg/kg/cm?, which agrees 
within the limits of experimental error with the 
value for dTy /dp obtained through an investiga- 
tion of the variation of electrical properties in the 
same compound under hydrostatic pressure.® 

In conclusion we wish to thank A. K. Varskaia 
for assistance and suggestions. 
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When a bent wire is exploded in vacuo, the motion of the explosion products through the mag- 
netic field of the current produces current tubes and also certain glow effects, due to the inter- 
action of the streams of explosion products with each other. By scanning the explosion with a 
mirror, the stream fronts were found to have a speed of 10° cm/sec. A possibility of ther- 
mally insulating the plasma by means of the strong magnetic field that exists during a very 
short time of explosion is demonstrated. A qualitative explanation is proposed for the ob- 


served effect. 
1. INTRODUCTION 


‘Tae authors! have previously reported on an ex- 
perimental investigation of electric explosion of 
wires in vacuo. An examination of these data has 
led to the conclusion that in the case of straight 
wires the radial motion of the explosion products 
through the magnetic fields produces thin layered 
cylindrical channels, coaxial with the wire, through 
which most of the discharge current flows. To in- 
vestigate this effect further, we experimented with 
electric explosions of wires curved in different 
manners (mostly in helical form). 

In the investigations we used integral photog- 
raphy of the explosion, continuous photography of 
mirror scans and oscillography of the current and 
voltage, the setup being approximately as described 
in reference 2. 

A capacitor bank with total capacity of 4.8 uf at 


50 kv working voltage was used to explode the wires. 


2. RESULTS OF THE EXPERIMENTS 


Figures 1 and 2 show photographs of the explo- 
sion curves of copper wires in vacuo. Photograph 
1 of Fig. 1 shows the characteristic explosion pic- 
ture of helically-wound wires at relatively high ex- 
plosion-circuit capacitor voltages. The photograph 
was taken at right angle to the axis of the helix. As 
in the case of all integral photographs of explosions, 
this picture shows the glowing wire at the initial 
stage of the discharge, during which it acquires the 
energy needed for the explosion. The glow of the 
wires is due to the presence of a thin brightly- 
glowing discharge layer, becoming coiled under 
the influence of the strong magnetic field of the 
current.! An examination of the current and vol- 
tage oscillograms shows that the explosion of the 
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wire occurs at the end of this stage and the dis- 
charge is immediately followed by a second dis- 
charge in the vapor of the wire. The remaining 
portion of the picture, which obviously occurs 
after the start of the explosion of the wire, must 
be attributed to mutual collisions between the 
streams of explosion products and to their motion 
through the magnetic field of the current. 

The mechanism of interaction between the mov- 
ing explosion products and the magnetic field, with 
which we begin our examination of the results pre- 
sented here, is described in detail in reference 1. 
It is based on the following two premises: 

1. Regardless of the initial shape of the wire, 
the explosion products propagate in its immediate 
vicinity perpendicularly to the wire surface. 

2. When the explosion products travel through 
the magnetic field H witha velocity v, an addi- 
tional electric field E=(1/c)v XH (c is the 
velocity of light in vacuo)® is produced in the dis- 
charge and causes a corresponding redistribution 
of the current density. 

The first premise makes it easy to explain the 
inclined glowing strips of photograph 1, located 
midway between each pair of neighboring turns of 
the helix and parallel to the latter. Actually, when 
the streams move in directions normal to the wire, 
the only streams colliding are those beginning on 
sections of neighboring turns, which lie on one 
plane normal to the turns. If the rates of flow 
are equal, the streams will meet at points in 
space located on this plane and equidistant from 
the above mentioned cross sections. At different 
points of space, the collisions will occur at differ- 
ent angles and at different instants of time, de- 
pending on the positions of these points relative 
to the wire. At points opposite the streams, in 
view of the short duration of the processes (see 
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tween each pair of neighboring turns. For a given 
stream velocity, the visible radial extent of this 
surface should be limited by the fact that as the 
distance from the axis of the helix increases, the 
streams intersect at smaller angles and their den- 
sity diminishes at the same time. The resultant 
reduced compression causes the glow of the vapor 
to cease at a certain distance from the axis of the 
helix. It is seen from this picture, however, that 
even before this takes place, the strongly com- 
pressed radial streams begin to branch axially, 
and it is there that the boundary of the glowing 
helical surface is located. As the helix is gradu- 
ally stretched, the interaction between these 
streams becomes weaker, and the explosion takes 
on the appearance of that of a straight wire.! 

It must be noted that the photographs of the 
explosion of a helix show one half of the glowing 
helical surface, that closest to the camera lens, 
since the light from the opposite half is fully 
screened by the explosion products that propagate 
in the direction of the lens. This is confirmed 
by photograph 2 of Fig. 1, taken at 45° to the axis 
of the helix, on which we see only the glow of the 
original helix. The image of the glowing helical 
surface is completely lacking here, since the glow 
of the explosion products is screened by the radial 

FIG. 1. Integral pictures of the explosion of copper wires: streams that move between neighboring portions 
a) Pour cl jm diaueter and 4 mm pitch, made,of wire 0.15mm 4 ¢ the helical surface. In the foreground of the 
in diameter and 80 mm long. Initial voltage on explosion-circuit ; : : 

picture we see a glowing plasma flowing along the 


capacitor U, = 30 kv; 2) helix of 8 mm diameter and 8 mm pitch, ; : : ; 
made of wire 0.2 mm diameter and 80 mm long, U, = 30 kv; axis of the spiral. This plasma is produced by 


3) sinusoidal wire of 0.2 mm diameter and 70 mm length. U,= the radial compression of the vapor inside the 
30 kv; 4) the same picture in a different projection. spiral. 

Thus, part of the picture of the explosion of a 
below), adiabatic compression will occur and helical wire can be adequately explained by the 
produce a corresponding glow of the vapors. The interaction between the streams of explosion 
bright strips represent the summary picture of products. 
all these glows. In the case of a cylindrical helix, Photograph 1 and the other analogous photo- 
the geometric locus of points with maximum glow graphs show an almost cylindrical glowing thin 
intensity will be a helical surface having a com- layer, coaxial with the helix and intersecting in 
mon axis with the helix and passing midway be- sequence all the neighboring portions of the heli- 


FIG. 2. Pictures of explosions of wires: 
1) wire bent in circle of 50 mm diameter, wire of 
0.2 mm diameter and 120 mm length, U, = 30 kv; 
2) straight wires of aluminum and copper, joined 
at an angle of 45°, each wire 25 mm long, 0.15 mm 
in diameter, U, = 30 kv; 3) mirror scan of explo- 
sion of wire bent in circle of 25 mm diameter, wire 
of 0.2 mm diameter and 40 mm length, mirror speed 
~60,000 rpm, U, = 30 kv. 
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cal surface. The glow of this layer cannot be 
attributed to the interaction between the streams, 
for in these regions all the streams propagate 
mostly in the radial direction without any notice- 
able mutual interference. According to refer- 
ence 1, the glow of a thin-wall cylinder can be 
attributed to the formation of suitable current 
channels (which we shall call current tubes ), 
provided the magnetic field due to the current 
has a suitable configuration. 

Let us trace the possible variations in the 
form of the current-induced magnetic field during 
the explosion of the helix. In the first stage, when 
the wire acquires the energy for the explosion, 
the current obviously retains its helical form, 
and the field inside the helix is determined by 
the number of ampere turns. After the start 
of the explosion, the streams move inside the 
helix transverse to this field and, according to 
the second premise, produce an additional elec- 
tric field, which keeps the current helical until 
the encounter with the streams from the neigh- 
boring turns causes a breakdown between the 
streams, thus “straightening” the current. From 
this instant on the outward-directed streams 
from the helix penetrate the magnetic field due 
to the straight current. As a result, according 
to the mechanism indicated in reference 1, it is 
possible for a current tube to form. 

Photograph 3 of Fig. 1 shows the explosion of 
a wire bent in sinusoidal form, photographed per- 
pendicular to the plane of the wire. Photograph 4 
of the same figure shows the explosion of a simi- 
lar wire photographed parallel to this plane. Each 
of these photographs shows the glowing wire. 
Photograph 3 shows that the streams from each 
half wave of the sinusoidal wire converge to cor- 
responding “foci” where adiabatic compression 
causes the vapor to glow bright. Upon leaving 
the region of maximum compression each stream 
clearly breaks up into two streams, which diverge 
in the direction of the axis of the sine wave. Some- 
times the streams split into three parts, the cen- 
tral one remaining perpendicular to the axis of the 
sine wave. The same photograph shows the cur- 
rent tube, which has, in the projection used here, 
the same type of curvature as the wire, in accord- 
ance with the distribution of the streams and of 
the magnetic field due to the current. It must be 
noted that in this case, too, the current tube is 
better delineated in places where the stream flow 
is undisturbed. Photograph 4 shows all these phe- 
nomena in another projection. 

Photograph 1 of Fig. 2 shows the explosion of 
a wire bent into a circle, taken perpendicular to 
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the plane of the circle. In this case the radial 
streams that move in the plane of the circle or 
make small angles with this plane collide with 
each other at the center or near the center of the 
circle, causing adiabatic compression and glow of 
the vapor. What is remarkable here is the ab- 
sence of a current tube around the wire. This is 
due to the small gap between the ends of the wire 
(~10 mm), which breaks down within a very short 
time (~0.5 p sec) after the start of the discharge, 
so that the current stops flowing along the original 
position of the wire. We thus have here a positive 
confirmation of the direct connection between the 
glow of the tubes and the flow of the discharge 
current through the tubes. This experiment shows 
also that the glow of the vapor at the place where 
the streams converge is due to adiabatic compres- 
sion and not to the current. 

If wires bent in zigzag shape are exploded, the 
geometric loci of the points of convergence of the 
streams, in accordance with the first premise, 
should be planes perpendicular to the plane of the 
wire and passing through the corresponding zig- 
zag vertices. The photographs show the projections 
of these glowing planes in the form of straight 
lines, coinciding with the diagonals of the corre- 
sponding zigzag angles, if the speeds of the 
streams are the same. If the zigzag angle is 
made up of wires of different material, say alu- 
minum and copper, then, as can be seen from 
photograph 2 of Fig. 2, the projection of the glow- 
ing plane is nearer to the copper wire. This means 
that under identical explosion conditions, the ex- 
plosion products of aluminum propagate faster 
than those of copper. 

Photograph 3 of Fig. 2 shows a mirror scan 
of the explosion of a wire bent in a circle. The 
slit of the optical system was aligned with the 
vertical diameter of the circle. The scanning 
photograph shows first the image of a glowing 
wire (marked by an arrow) and then, following 
the explosion of the wire and the convergence of 
the stream to the center, the corresponding glow 
of the condensed vapor. Knowing the radius of 
the circle and the scanning rate, it is possible to 
calculate from this picture the velocity of the 
fronts of the explosion-product streams. Calcu- 
lation yields a value of ~ 108 cm/sec. It is also 
seen from this photograph that the duration of 
the glow of the wire prior to the start of the ex- 
plosion is ~0.3 4 sec, and the glow of the vapor 
compressed at the center of the circle lasts 
~5 usec. Obviously, the scattering of the ex- 
plosion products terminates within this time. 

Figure 3 shows by way of an example an os- 
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FIG. 3. Oscillogram of explosion of copper helix of 10 mm 
diameter and 10 mm pitch, wire of 0.2 mm diameter and 150 mm 
length, U, = 10 kv. 


cillogram of the discharge, obtained during the 
explosion of a helical wire in vacuum. The cur- 
rent oscillogram (upper line) shows the char- 
acteristic “plateau” of the current, due to the 
fact that during this stage all the residual voltage 
across the capacitor is applied to the wire, and 
the current does not increase.! The voltage os- 
cillogram (lower curve) confirms this fact. From 
similar oscillograms it is possible to calculate 
with sufficient accuracy the energy balance in the 
wire-explosion process.’ Such calculations show 
that at relatively high capacitor voltages, the 
wire receives, during the time from the start of 
the discharge to the end of the “plateau” of the 
current, an energy equal to or perhaps greater 
than the total energy of evaporation. 


3. DISCUSSION OF RESULTS. COMPARISON 
WITH RESULTS OF OTHER INVESTIGATIONS 


The photographs discussed above demonstrate 
clearly the spatial distribution of the streams of 
the explosion products of the wires and indicate 
that the interactions between these streams ex- 
hibit certain peculiarities. For example, it turns 
out that in certain cases, after adiabatic compres- 
sion, the streams are capable of branching into 
several independent streams. An explanation for 
this branching must be sought in the short dura- 
tion of the compresssion process and in the high 
degree of this compression. From an examination 
of photograph 3 of Fig. 2 it follows that the dura- 
tion of the compression process does not exceed 
several microseconds and since the velocity of 
the front of the streams reaches ~ 10° cm/sec, 
the degree of compression should be high.* From 
an examination of the integral explosion pictures 
it follows that the necessary condition for the 
branching of the streams is that the streams reach 
a region in space where the angle of convergence 

*A picture of the explosion of a copper helix connected in 
series with a tungsten wire shows that the glow of the com- 
pressed vapor is considerably brighter than the surface glow of 
molten tungsten. 
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of the neighboring streams diminishes rapidly and 
where, at the same time, the stream density di- 
minishes. As a result, conditions are produced 
for an almost explosive expansion of the previously 
compressed streams. The pictures cited show 
that the expansion is mostly in the direction of 

the symmetry axis of the wire. Consequently, 

this is the very direction in which the component 
parts of the stream effect the momentum exchange 
necessary for the branching. It can be assumed 
that the cause of the observed branching of the 
streams is the same factor that leads, in the case 
of a strong explosion with spherical or cylindrical 
symmetry, to the formation of regions of reduced 
density and pressure at the center or along the 
axis of the explosion (see, for example, refer- 
ence 5). 

When we recorded the results of the experi- 
ments, we became convinced that the occurrence 
of current tubes of different shapes can be quali- 
tatively explained on the basis of the mechanism 
cited in reference 1. This again confirms the cor- 
rectness of the aforementioned second premise. 

The effect of the motion of the medium on the 
spatial distribution of the discharge-current den- 
sity was also considered in references 6 to 8 in 
connection with an investigation of the compres- 
sion of a plasma column (at low gas pressures ) 
under the influence of a magnetic field due to a 
very intense pulsed current. There the plasma 
column has a chance to negotiate several trans- 
verse compressions and expansions. The added 
electric field produced during the compression 
is directed opposite to the external field, and in 
those regions of the plasma where the radial 
speed of the medium is maximum, it may even 
lead to reversal of the current. 

In the explosion of wires, in view of the good 
condensibility of the metal vapor, the explosion- 
product streams are always directed away from 
the wire towards the cold walls of the chamber. 
The additional electric field in the regions of 
the radial stream motion has therefore the same 
direction as the external field. This indeed makes 
stable current tubes possible. 

The mirror scan of the explosion shown in 
photograph 3 of Fig. 2 makes it possible to es- 
timate with greater accuracy, than in reference 1, 
the connection between the duration of the scatter- 
ing of the explosion products and the lifetime of 
the current tubes. According to this photograph, 
the scattering of the explosion products terminates 
after several (5 or 6) microseconds. Since, in 
accordance with our assumption, the existence 
of the current tubes is directly connected with the 
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presence of corresponding radial streams, it is 
obvious that with the cessation of these streams 
the current tubes should also vanish. Thus, the 
lifetime of the current tubes for wires of usual 
dimensions (length ~10 cm, diameter ~ 0.1 to 
0.2 mm) should not exceed several microseconds. 
This is well confirmed by the mirror scan of the 
explosion of both direct and curved wires. 

Certain data obtained during the explosion of 
wires in vacuo indicate apparently the existence 
of magnetic thermal insulation of the plasma 
during the stage of strong coiling of the discharge 
on the surface of the wire. In fact, many mirror- 
scan explosion pictures show that at relatively 
high discharge-capacitor voltages and at the usual 
wire dimensions, the duration of the strong dis- 
charge-coiling stage amounts to 0.3 sec. Com- 
parison of the integral glow of the coiled discharge 
with the integral glow of the surface of molten 
tungsten wire (see reference 3) shows that the 
discharge glow is considerably brighter than the 
tungsten. Considering that the duration of the 
tungsten glow is at least one order of magnitude 
greater than the duration of the glow of the coiled 
discharge, we can conclude that the degree of ion- 
ization of the plasma in the coil should be higher. 
This is quite natural, for according to discharge 
oscillograms taken of coils of transverse dimen- 
sion on the order of the radius of the wire (see 
integral photographs), the current density reaches 
~10' amp/cm?, and the field gradient reaches an 
order of 10? v/em. In addition, calculation of the 
energy from the oscillographdata shows that inthe 
cases considered here the energy supplied to the 
wire towards the end of the strong discharge -coiling 
stage is equal to or even greater than the total en- 
ergy of evaporation. Under this condition, the 
wire would evaporate vigorously prior to the ter- 
mination of the coiling stage and the integral photo- 
graphs would not show a clear picture of the sta- 
bilized coil. Thus, the dense and highly-heated 
plasma turns out to be confined in the very narrow 
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channel of the coil, which bounds with the high 
vacuum, showing unambiguously the existence of 
good magnetic thermal insulation for the plasma. 
This is readily understood if it is taken into ac- 
count that according to the oscillographic data the 
magnetic field at the surface of the string reaches 
several times 10° Oe. The “magnetic wall” of the 
current channel can then withstand, from the 
plasma side, a maximum pressure of ~ 104 atmos, 
and the strong coiling of the current can exist 
until the thermal pressure of the plasma exceeds 
this value. As soon as the plasma pressure be- 
comes greater, an explosive scattering of the 
vapor begins through the magnetic field of the 
current, and the effects described above take 
place. 
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NUCLEAR BINDING ENERGIES IN THE REGION OF THE 82 PROTON AND 126 NEUTRON 


Pb?2? and Pb?2% 


, is greater than the binding energy for a pair of protons, which gives 


MAGIC NUMBERS 

R. A. DEMIRKHANOV, T. I. GUTKIN and V. V. DOROKHOV 
Submitted to JETP editor May 17, 1958 
J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 917-925 (October, 1958) 
The results of measurements of masses of isotopes of bismuth, lead, thallium, and mercury, 
which were made with a mass spectrograph having a resolving power of 60,000 to 80,000, are 
presented. The masses of the isotopes were determined by direct comparison with the masses 
of appropriate organic compounds. The values of the masses of the Pps: 
isotopes found from different doublets are internally consistent. The nuclear binding energies 
computed from the measured isotopic masses confirm the presence of a shell structure with 
completion of a shell at 82 protons and 126 neutrons. The difference in binding energy for 
nuclei with odd and even numbers of nucleons and its smoothing out as the shell is filled can 
be seen clearly. After the filling of the shell at Z= 82 and N=126, the binding energy of 
the next neutron is greater than that of the next proton. The binding energy for a pair of neu- 
trons, which gives Hg? 
Pp2%. 

INTRODUCTION 


‘Tue determination of binding energies of nucleons 
in nuclei in the region of the 82 proton and 126 neu- 
tron magic numbers is of fundamental importance 
for explaining the structure of nuclei. On the basis 
of the shell model, the jump in binding energy of 
the next nucleon after the filling of the shell should 
be of the order of 2 or 3 Mev. In order to deter- 
mine the size of the discontinuity in the mass re- 
gion A ~ 200 to an accuracy of 10%, the relative 
accuracy of the measurement of AM/M must be 
better than 107°. The data available at present on 
masses of isotopes and nuclear binding energies 

in the mass region A ~ 200 have errors exceed- 
ing the required figure given above.!~? The small 
error given in reference 2 for the measurements 
of masses of the Pb2°?, Pb? pp, 71205, 71203, 
Bi2, and Hg?"? isotopes is explained by the fact 
that in determining the masses of these isotopes 
from the energy balance of nuclear reactions the 
mass of Pb?" was taken as a standard and was 
assigned zero error. The mass of Pp28 was 
taken from the mass spectrograph measurements 
of Duckworth.! A precision measurement of the 
masses of the lead isotopes is therefore of inter- 
est not only from the point of view of explaining 
the structure of nuclei near A ~ 200, but also in 
order to get a more precise value of the mass of 
the Pb2°8 isotope to serve as a standard in calcu- 
lating masses of heavy isotopes from the energy 


balance of nuclear reactions. 

In addition, since Pb2°6, Ph?!" ph? and 
Bi2 are the final products in four of the radio- 
active series, their masses can be used as a base 
for calculating the masses of all the radioactive 
isotopes with Z = 82 from the energy balance of 
nuclear reactions. The masses of the Bi2’?, Pp? 
P24, T1205 7203 yy204 yy 202 yO py gp200 
Hee and Hg!%8 isotopes have not been deter- 
mined mass-spectrographically. The values cal- 
culated from energy balance of nuclear reactions 
for some of these isotopes contain a sizeable er- 
ror (~3000uMU). The value of the binding energy 
for an additional neutron or proton determined 
from these values does not allow us to get a clear 
picture of nuclear structure, because of the large 
error in the measurements. 

In carrying out the present work we used vari- 
ous means for increasing the accuracy of meas- 
urement. The measurement of the masses of 
the lead, mercury, bismuth, and thallium isotopes 
was done on a mass spectrograph which has been 
described earlier.**® The resolving power of the 
apparatus, as determined from doublet lines, was 
60,000 to 80,000. To increase the accuracy of the 
measurements, the masses of the bismuth, lead, 
thallium, and mercury isotopes were determined 
by direct comparison with the masses of appropri- 
ate organic compounds containing H!, Ge. No 
and O!*. The masses of these isotopes had been 
measured previously*”® to sufficient accuracy. No 
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FIG. 1. Photographs of mass-spectrographic doublets and spectra of Pb, Tl, Hg and diphenylbutadiene: a) C}7H, — Hg”° 


doublet (x 37; M200); b) Ci?H,, — Hg?°? doublet (x 37; M202); 
doublet (x 37; M207); 


correction was made for content of rare isotopes 
in the hydrocarbons. The presence of a significant 
amount of C!* would have resulted in a marked 
broadening of the lines with a clearly visible asym- 
metry (a marked drop in intensity toward the low 
mass side). No such effect was noticed on the 
plates (cf. Fig. 1); this is even more correct for 
the rare isotopes D and SERS which are less 
abundant. We can therefore state that errors due 
to the presence of rare isotopes are excluded. 


MEASUREMENT OF MASSES OF ISOTOPES 


Lead isotopes: Pb2!4, Ph? pp? and Ph2%8 
To check internal consistency, the masses of the 
lead isotopes were determined from various doub- 
lets. The lead ions were obtained by introducing 
tetramethyl lead vapor in one case and metallic 
lead vapor in another into the gas discharge region 
of a plasma ion source, using an evaporator of spe- 
cial construction. 

In the first case we observed on the screen of 
the mass spectrograph spectra of both the lead 
isotopes and their hydrocarbon compounds, such 
as PbCH3, Pb(CH3)., Pb(CH3)3, and Pb(CHs),. 

In this-case the main discharge was supported by 
helium. Appropriate organic compounds were in- 
troduced into the gas discharge region by means 
of a heater of approximately the same construc- 
tion as that for metallic lead. The evaporator 
construction enabled us to produce quickly a fill- 
ing with a new sample of material without dis- 
mounting the source and breaking the vacuum in 
the system. A check of internal consistency was 
made not only with lead ions but also by measur- 


c) Ci?H,, — Pb?** doublet (x 37; M204); 
e) spectrum of Pb, Tl, Hg, and di phenylbutadiene (x 6; M206). 


d) CU, — Pb?” 


ing the masses of the lead isotopes from doublets 
in various combinations with organic compounds, 
including the case where the molecular weight of 
the organic compound was equal to the atomic 
weight of lead. In this case we eliminate com- 
pletely the phenomena that lead to the systematic 
measurement error due to the dissociation of the 
molecules both with respect to the hydrocarbons 
and with respect to the lead.® 

In determining the mass of the P isotope, 


we used anthraquinone (C,,HgO,, M = 208) to 
form the doublet; this also gave us the doublet 

for Pb?" at mass 207. In another case the doub- 
let line for Pb?°" was obtained from the organic 
compound C,5H;,0. We used diphenylbutadiene 
(CigHi,, M = 206) for the measurements of the 
masses of the Pb?°* and Pb?" isotopes. The 
results of the measurements, obtained in each 
case from 18 to 20 mass-spectra, are given in 
Tables I and II. 

The data of Tables I and II show that within the 
limits of error of the measurement there is inter- 
nal consistency for the values of the doublets and 
the isotopic masses determined from different 
doublet combinations. The values of the masses 
of the isotopes were determined in the one case 
from metal vapor, in the other from. the products 
of dissociation of tetramethyl lead. There was 
good agreement, within the statistical error of the 
measurement, when the doublet pair for a given 
lead isotope was formed by means of different 
organ compounds. This may serve as a confir- 
matior -he absence of systematic errors in the 
measurement and of the reliability of the data. 


p28 


Doublet 


Poo’ amy C,s H,,0 
Pie ai C,,H,0; 
Eb od C,,H,0, 


Pb’ — C,,H,O, 
Pb rat C,,H,O, 


NUCLEAR BINDING ENERGIES 


120,472 + 44 


134,849 + 33 
135,000 + 66 


NUS PAIS) 28 SS 
68.887 + 50 
68.928 + 110 


75,919 + 47 
75,998 + 59 


TABLE I 


Mass of lead 
isotope in MU 


204 038352 + 48 


206,040259 + 39 
206.040108 + 69 


207,041589 + 40 
207,041587 + 54 
207,041546 + 112 


208 ,042697 
208.042618 + 


Average value 
of mass of lead 
isotope in MU 


204,038352 + 48 


206,040184 + 76 


207,041574 + 35 


208,.042658 + 35 


Product from 


which ions 
were obtained 


C,.H,, from C,,H,, 
Pb*™ from metal vapor 
Pb** from metal vapor 


Pb”°* from Pb(CH,), 


Cr Onromic ai 
Pb”°’” from metal vapor 
C,,H,O, from C,,H,O, 
Pb”*’ from metal vapor 
C,,H,O, from C,,H,0, 
Pb”” from Pb(CH,), 


Pb”°* from metal vapor 
Pb”* from Pb(Ch,), 


TABLE II 
Mass of isotope in MU 
Author | 
Pb2o4 Pps Pb207 
Duckworth’ = — 207 ,042900-+-1600} 208.041600-+-1000 
Huizenga’ 204 .036859-+-130*/206 ,038826-++-10*| 207.040580-+-10* 208 ,041640--0* 
Our data 204,038352+48 |206.040184+76 207 .041574+35 208 , 042658-+-35 


*Errors marked with an asterisk should be increased by + 1000u MU because of 
the error in the determination of the mass of Pb?”*’, as given by mass-spectrogra- 
phic measurements.* 


TABLE III 


Masses of mercury 
i in MU 
A isotopes in 
Doublet oe a u 
in 10°MU from nuclear 


from our data : 
reactions* 


He!8_Cy Hg 80,259+-68 | 198,029713+71 | 198,029000+-3000 
He!—CisHyO| 107.674-438 | 199.031548--45 | 199.0305503050 
Hg? Ci gH, 94°354-£43 | 200,03190247 | 200.031910+3010 
Hg?! Hee? 100.39832 | 201.034564162 | 201.034000-£3000 
He22—C,,H,, | 107.588-448 | 202.034952452 | 202,035341620** 
119.784--43 | 204.039040-447 | 204.037323--230** 


Hg?°4—CygHie 


*Huizenga’ and Wapstra.° 
**Data obtained using the mass of Pb” as a standard.’ 


TABLE IV 
Masses of thallium isotopes in MU 
Value of OM [~ from nuclear 
Doublet : e 
ouble in 1073 MU from our data aE ae 


——————EEe———E————————_EEeE— ee Sa 


TI2S—CygH 113,059-136 | 203.037623-444 | 203,035951--400* 
Neen 127 061.38 205.039905443 | 205,038480-130* 


4 az 
*Huizenga. | 
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TABLE V 
Mass of bismuth isotope in MU 
Value of AM 
pies in 10° MU Fron cacdate | from nuclear 
Bi?°°—C,4Hi3Ne 127 ,516+63 209.046864-+-71 | 209 ,045794-L-50* 
*Huizenga’. 
TABLE VI 


a ___ ee 


M’ —mass of isotope in 

MU from nuclear ee Revo 
M—Mass of isotope |tion data. The mass 0 =M— 

Teotope in MU from our data Pb?°® from the present in 10° MU 

work is taken as 
standard 

Hg!98 198 029713 + 71 198 .029000 + 3000* +0.713 
la fee 199.031548 + 45 499 .030550 -++ 3050* +0,998 
Fie208 200.031902 + 47 200 .031910 + 3010* —0,008 
Hg? 201 .034564 + 62 201 .034000 + 3000* +0,.564 
Pig20e 202 ,034952 + 52 202 ,036359 +- 620 —1.407 
Hg204 204 ,039040 + 47 204 ,038341 + 230 +0,699 
T1208 203 ,037623 +4- 41 203 .036969 + 400 +0,654 
T1205 205 .039905 + 43 205 039498 + 130 +0, 407 
Pb204 204 038352 + 48 204037877 + 130 +0,475 
Pb206 206 ,040184 + 76 206 ,039844 +- 10 +0 ,340 
Pb20? 207 ,041574 + 35 207 041598 + 10 —0,024 
Pb28 208 ,042658 + 35 208 .042658 + 0 0,000 
Bi209 209,046864-+ 741 | 209.046812 + 50 +0.052 


*The mass of the O*° isotope? was used as a standard in the calcu- 
lations. These values are given without correction. 


Mercury isotopes: Hg!®, Hg!99 Hg?) Hg20t 
Hg? and Hg?%4, The mercury ions were ob- 
tained by introducing mercury vapor into the gas- 
discharge region of the ion source. Diphenylbuta- 
diene was used to form the doubiet pairs. The 
values of the mass differences of these doublets 

and the masses of the mercury isotopes calculated 
from them are given in Table III. For comparison 
we give in the table the data obtained from nuclear 
reactions. 

Thallium isotopes: T12% and T12%. The thal- 
lium ions were obtained from metallic thailium 
vapor. Diphenylbutadiene was used to form the 
doublet pair. The values of the mass differences 
of the doublets and the masses of the isotopes are 
given in Table IV. For comparison we also include 
data from nuclear reactions. 

Bi?’ isotope. Bismuth ions were obtained from 
vapors of metallic bismuth. Phenylhydrazone aceto- 
phenone (C,4Hi3N., M = 209) was used to form the 
doublet pair. The mass difference of the doublet 
and the mass of the isotope calculated from these 
data are given in Table V. 

Comparing the values of isotopic masses found 
in the present work with the corresponding data 
from nuclear reactions (cf. Tables II to V), we 
see that in general they agree with one another 
‘within the limits of error of the measurements. 
However, this agreement is achieved only as a 


result of the large errors in determination of the 
masses of isotopes from the Q values of nuclear 
reactions. For the Hg! , Hg??? | Hg?" and He 
isotopes, for which in the last analysis the mass of 
o' is taken as a base, the large error in the meas- 
urement results from using a large number of in- 
termediate steps with their corresponding Q val- 
ues. For all those isotopes for which the mass of 
the Pb? isotope is used as a standard, the mag- 
nitude of the error of the measurement is deter- 
mined both by the errors of the corresponding Q 
values and by the accuracy of measurement of the 
mass of Pb’. In his tables, Huizenga? used for 
the Pb? isotope the value M = 208.041640 + 
100044 MU* found by Duckworth.! For the whole 
set of isotopes presented here, the differences of 
the average values are sufficiently large (~1500u 
MU) as to be possibly due to the inaccuracy of the 
value of the mass of Pb?°8 which was taken as a 
standard. 

In Table VI we give the masses of the isotopes 
calculated using Q-values with the vdlue of the 
mass of the Pb*°* isotope which was found in the 
present work as the standard. We then find agree- 
ment, within the limits of error of the measure- 
ments, between the present data and the calculated 
values for most of the isotopes, even though the 


*The errors of measurements in the text and tables are given 
in pMU. 


Isotope 


NUCLEAR BINDING ENERGIES 


RE pare] Os 


TABLE VII 


Binding energy of 
nucleons in the 
nucleus in Mev 


Binding energy per 


nucleon in Mev 


Hg198 198 80 118 1566. 100-L0.066 7.90960-0 ,00033 
Hei 199 80 119 1572.758-0.043 79033120: 00021 
Hegre 200 80 120 1580,795-0.044 7,90397-F0, 00022 
Hei 204 80 124 1586 .682.0.057 7,89394-0, 00034 
Hgie 202 80 122 1594.685-£0,048 -7,89450--0 00024 
ge 204 80 124 1607 .61440.044 7, 880460 00022 
Thee 203 81 122 1599, 782-£0.038 7, 88070-F0 .00049 
ne 205 81 124 1614, 390-L0.040 7,87507-0, 00020 
an 204 82 122 1606 .685-L0 ,045 7, 875900 00022 
Eee 206 82 124 4624 ,712-40.074 7,87238-F0 00034 
Pp2o? 207 82 125 1628 .784-0,033 7, 868520 00016 
phew 208 82 126 1636 .1412.0.033 7, 86606-0 , 00016 
Bi20 209 83 126 1639 ,806-L0 066 7,84596-L0 .0003 4 
*1 MU = 931,162 +24 kev. 
TABLE VIII 


Mass of isotope 


Binding energy of 


nucleons in the 
nucleus, in Mev 


Binding energy 
per nucleon, in 
Mev 


Isotope A Zz N in MU 
Bj208 208 83 125 208 ,045699-+-90 
Pb209 209 82 127 209 .047492+70 
Bj210 210 83 Wy 210,051378-+-40 
Pb?2!0 210 82 128 210 ,.051447-+-40 
Po210 210 84 126 210.050115-+-40 


163252440084 
1640.006-L0 065 
1643, 969-0 037 
1644. 690-0 .037 
1644 .360-L0 .037 


7,84867--0.00041 
7,84692-£0 00034 
7, 828420 00018 
7, 83185000018 
7830280 00018 
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error in measurement of the mass of the standard 
Pb?” isotope is ~ 30 times smaller than the error 
in the determination of the Pb?" mass value used 
in the tabulated data.!:? However, as one sees from 
Table VI, the values of the isotopic masses obtained 
by calculation from nuclear reaction data (cf. col- 
umn 3) are essentially lower by 0.3 to 0.6m MU 
than the present data, except for the mass of Hg?”?. 
BINDING ENERGY OF NUCLEONS IN THE 
NUCLEUS 


The values of the masses of the bismuth, lead, 
thallium, and mercury isotopes found in the pres- 
ent work enable us to determine more precisely 
the binding energy of nucleons in the nucleus in the 
region of the 82 proton and 126 neutron magic num- 
bers. The values of the nuciear binding energies 
and the binding energies per nucleon are given in 
Table VII. In addition to this, by using Q values 
from nuclear reactions and ~ decay, the masses 
of the Bi2%, Pp? ppt? Bi24? and Po?! iso- 
topes were calculated (cf. Table VIII). In these 
calculations, the masses of Pb? and Bi?” found 
in the present work were used as standards. The 
mass of the Pb2"? isotope was calculated from the 
Pb2°8 (d, p) Pb?? reaction with the value Q = 1.64 
+ 0.05 Mev.’ The value found for the mass of the 
Pb2" isotope is Mpp209 = 209.047492 + 70 MU. 
The value for Pb”? was also calculated using the 
value Q =0.63 + 0.01 Mev® obtained from the 


g2Pbi27 — g3Bijgg G2 decay. The value of the mass 
of the Pb?” isotope found from this reaction was 
Mpp209 = 209.047544 + 67, which within the limits 
of error of the measurement is in satisfactory 
agreement with the value found from the 

Pp2% (d, p) Pb2"? reaction. The calculated values 
of nuclear binding energies are given in Table VIII. 
Figure 2 shows the curve for the binding energy 
per nucleon in the nucleus. The significant differ- 
ence of the binding energies of the Bina Phe 
Bit?) py and Po?!0 compared with the Pp? 
isotope is a confirmation of the existence of a nu- 
clear shell structure with closing of shell at 
Z=82 and N=126. The difference in binding 
energy of nucleons in nuclei with even and odd 


L830 r [ = | 
198 199 700 ht 202 203 M4 205 20h 207 208 209 210 
A 


Bi 


FIG. 2. Binding energy per nucleon in the region 198 < A 
< 210. 
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TABLE IX 

fea (808 ae see ee 
ge | BR] or | dee | RS | oem 
Hee | | BS] ser | Bae | | Bh | soos 
figs | BAR| aom | Be. | | Bt | on 
Hie | & | | so | Rem | 8] 83 | 7am | 
ie lees Beeler, |)cr 
ce 
piso | oi ( ae oto || Peet ies), ees aie 
ee | oounl ace al earnsat aa a | es | 6.776 
Bue | Soa ise laa ea ee ey | ob | 7.322 
Pm | |] coe |B |B | BE | ane 
pow | | as] 4955 | Bir | 8 | Be | eu 
ridin Oca ee Meee nec 
om Se alee el eunaes ee oS | ae 3.665 
= = nTGEEnT EGnSIGSGinT l= aan ae ee eee 
egal eemee le ing le oie. | 4,354 
Bim | 88 | 128 | 5.280 eee | 138 | «so 
Pouse 82 | 130 | 4-087 ae o | on | 4.067 
Poeise 84 (1a1 | 5.806 Ee ee | ne | 4,568 
Povies si | 133 | 4088 ane a | ee | 4.745 
eens oe Weare alpessceae ees a | ee | cue 
pow | mae |oaaa| es | AR eile eee heen ames 


*Binding energies calculated from the data of references 2 and 3. 


mass numbers? 


As we see from Fig. 2, as the shell is filled this 
difference decreases. The effect of the nuclear 
shell structure can also manifest itself in the en- 
ergy for binding the (Z +1)-th proton and the 

(N +1)-th neutron. The values of these quantities 
are given in Table IX. The tables show that there 
is a sharp discontinuity in the binding energy at 
83 protons and 126 neutrons. A characteristic 
feature in the filling of the shells is the fact that 


is seen very clearly on the curve. 


the binding energy for a neutron is greater than 
that for a proton. This can be seen directly from 
Fig. 2, by comparing the binding energies of Pb2%? 
and Bi? and Bi? with those of Pb2!° and 
Po*!0, and also from Table IX. It can be seen 
especially clearly from a comparison of the bind- 
ing energies of the Pb? and Hg? isotopes. The 
proton shell is filled at Pp?4: so that one would 
expect a maximum binding energy compared to 
other isotopes having A = 204. However, at the 


NUCLEAR BINDING ENERGIES 


stable isotope Hg, the binding energy proved 
to be greater, because of the larger value of the 
binding energy of a pair of neutrons compared to 
the corresponding pair of protons in Pb®". This 
effect is washed out in the packing fraction curve. 
Thus for very accurate measurements the use of 
the packing fraction curve is not suitable for anal- 
ysis of dependences of nuclear binding energies. 
We see from Table IX that the binding energy of 
the last neutron or proton satisfies the odd-even 
rule, i.e., the energy for binding each odd proton 
or neutron is less than that for binding each even 
one. 

In addition to the jump in binding energy at the 
closing of the shell (i.e., at N=127 and Z = 83), 
we also noted a non-monotonic behavior of the 
curve of binding energy of the last proton or neu- 
tron for the nuclei with N=121 and Z= 81 (cf. 
Table IX), i.e., 6 neutrons and 2 protons from the 
start of the filling of the new shell. In order to 
check whether there is any regularity in the jumps 
of binding energy in this region, we used, in addi- 
tion to the measured values of the masses of 13 
isotopes and the corresponding nuclear binding en- 
ergies, the values of binding energies from refer- 
ences 2 and 3, even though the uncertainties of the 
tabulated data of reference 2 and especially of ref- 
erence 3 are so great that it is impossible to speak 
of regularities with any certainty on the basis of 
these data. From examination of these data, one 
also sees a non-monotonic behavior of the curve 
of binding energy of the last neutron or proton for 
some other nuclei which are shifted by 6 neutrons 
and 2 protons, i.e., for which Z’=Z+2 and N = 
NF 6: 


With respect to the neutrons, this non-monotonic- 


ity of the curve of binding energies for a shift of 2 
protons and 6 neutrons appears in the fact that the 
binding energy of the 115-th neutron for Z = 78, 

of the 121-st neutron for Z = 80, of the 127-th 
neutron for Z = 82 and of the 133-rd neutron for 

Z = 84 is markedly low. For protons this non- 
monotonic behavior for a shift of 2 protons and 6 
neutrons manifests itself in a more complicated 
way. After Bi? with Z=83 and N= 126, the 
jump in the binding energy for Z=81 and N= 120 
cannot be used, since no nucleus exists for Z = 81 
and N=120. The nearest nucleus with Z = 81 and 
an even number of neutrons, i.e., with N = 122, has 


a minimal binding energy compared to its neighbors, 


as we see from Table IX. A markedly reduced 
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value of the binding energy of the last proton occurs 
at Z=79 and N=120, andat Z=77 and N= 
114. The uncertain drop in binding energy of the 
last proton at Z=85 and N=132 becomes com- 
pletely clear on the curve of binding energy of the 
last proton as a function of neutron number in the 
region 130 =N < 134. 

The “anomaly” noted by Johnson and Nier? in 
the binding energy of nuclei in the region of N = 
90 may possibly be of this same type. Small 
nuclear deformations are known to be unstable. 

A change in the shape of the nucleus and, conse- 
quently, of the size of its surface results in a dis- 
continuity. A change of the surface of the nucleus 
may be one of the reasons for jumps in the binding 
energy of even-odd and odd-even nuclei. 

For the majority of the isotopic masses found 
in the present work, the nuclear binding energies 
are raised by approximately 1500 kev compared 
with those calculated from nuclear reactions,” in 
which the value of the mass of Pb? found in ref- 
erence 1 is used as a standard value. 

In conclusion the authors must express their 
thanks to E. E. Baron’, T. N. Lebsadza, K. A. 
Kovyrzina, and V. M. Shoniia for the preparation 
of the metal-organic compounds and heavy hydro- 
carbons, and also to P. S. Brostiuk, M. I. Dzkuia, 
and G. A. Dorokhova for practical assistance in 
the work. 
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The spectrum of positrons emitted in the decay of Eu!®2,154 has been studied. The clea 
consists mainly of positrons due to pair conversion of 1410- kev y quanta and ofa (ea spec- 


trum with an end-point energy Ep ) = 700 + 20 


kev. The spectrum is eae. as being due to 


positron decay of Eu! (Ty/2 = 18 years), with an intensity of 1.2 x 1074 positrons per dis- 
integration. The value of log (tf) for this transition is 12.1. 


1. INTRODUCTION 


Many papers (references 1 to 4 and others) 
have been devoted to the study of the decay of Eu 
which has a half-period of 13 years. However, a 
number of important details of the disintegration 
scheme remains unclear. In particular, no posi- 
tron decay of Eu‘ has yet been observed. Yet 
an investigation of the positron spectrum of Eu? 
would enable us to obtain new data on its decay 
scheme, to determine the energy difference for 
the transition Eu? — sm! and, consequently, 

to obtain more precise data on electron capture. 
Attempts to observe positron emission from 
europium by means of a magnetic-lens spectrom- 
eter did not meet with success.° In this paper we 
describe the results of an investigation of the pos- 
itron spectrum of Eu!®?:!54 py means of a spec- 
trometer designed for the study of weak positron 
spectra. 
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2. DESCRIPTION OF THE APPARATUS 


The experimental setup with which the positron 
spectrum was investigated is shown schematically 
strat Salers 

We used a magnetic spectrometer of the sector 
type with double focusing of the beam as described 
in our earlier paper.® The radius of its mean tra- 
jectory is 250 mm. Measurements of the positron 
spectrum were carried out with a spectrometer 
solid angle equal to 1% of 47. The relative half- 
width of the instrumental line was 1.5% with a 
source width of 1 to 2 mm and with a detector en- 
trance slit 12 mm wide. 

The focusing magnetic field of the spectrom- 
eter had the following distribution in the median 
plane: 


r—T,. \ rey! 
2. 


)*8 8 Stee Toy) | 

where ry is the radius of the mean trajectory. 
The focusing magnetic field, taking into account 
the stray field, gives an effective focusing angle 
equal to ~ 200°. The source 1 is situated in the 
magnetic field (Fig. 1), while the detector situ- 
ated at the spectrometer focus is outside the mag- 
netic field. The positrons were focused by the 
magnetic field and passed through the entrance 

slit of the detector 2, to the Geiger counter 3. 
They were then stopped in the aluminum target 
where they were annihilated. The annihilation 

y radiation was recorded by two CsI (Tl) crys- 
tals. Thus, a positron was recorded by the coinci- 
dence of three pulses: a pulse in the Geiger counter 
and two pulses in the scintillation counters. The 
resolving time of the coincidence circuit was 
chosen equal to 2 x 107° sec. To reduce back- 
ground, the only pulses recorded were those for 
which the scintillation pulse corresponded to y- 


H=H[1—+(=> 


FIG. 1. The electron-optical diagram of the spectrometer. 
1) source, 2) entrance slit of the detector, 3) Geiger counter, 
4) aluminum target, 5) scintillators, 6) light guides, 7) detector 
chamber, I-IV) diaphragms. , 
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radiation energy losses in the crystal between 
100 and 600 kev. 

To provide shielding from cosmic rays, a 
“blanket” consisting of two layers of type AMM-9 
counter tubes was placed above the detector. Above 
the “blanket” there was a layer of lead (10 cm 
thick) to absorb the soft component of cosmic 
rays. The “blanket” was connected in anti-coin- 
cidence to the main triple-coincidence circuit, 
and cut off the part of the background due to show- 
ers produced by » mesons in the neighborhood of 
the detector. The detector was shielded from the 
y -radiation of the source by a lead-tungsten block 
placed between the two. 

The circuit described above for recording posi- 
trons had, in the absence of the source, a back- 
ground of 0.8 to 1.0 counts per hour, and the pres- 
ence of even quite strong sources of Eu!5#:!54 gig 
not appreciably alter the value of the background. 
One disadvantage of the circuit was the relatively 
small efficiency for the detection of positrons, de- 
fined in our case as the ratio of the number of 
triple coincidences to the number of pulses re- 
corded by the Geiger counter (with the background 
subtracted). In our case the efficiency amounted 
to 4 or 5% for positrons of energy greater than 
300 kev. Owing to scattering of positrons between 
the Geiger counter and the target, the efficiency 
of positron recording depended on their energy. 
This dependence is shown in Fig. 2. 


Kt Yo 


FIG. 2. Dependence 
of the efficiency K of 
the recording system 
on positron energy. 
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The source consisted of europium oxide of nat- 
ural composition irradiated with neutrons. It was 
precipitated from an emulsion of carefully powd- 
ered europium oxide onto an aluminum foil 5y 
thick. The sources prepared in this manner had 
measured 4 x 20 mm? and their density did not 
exceed 2 mg/cm’. 

The spectrometer was calibrated against lines 
of conversion electrons from Eu'?:154, whose en- 
ergies have been measured with sufficient accu- 
racy.! 


3. POSITRON SPECTRUM 


To check the spectrometer we measured the 
well-known positron spectra of Cu®, Zn® and 
the internal-conversion positron spectrum of 


Thc, The results obtained agree with data avail- 
able in the literature. As an example, our positron 
spectrum and that of Owen and Primakoff! are com- 
pared in Fig. 3. The difference observed at Hp < 
2000 Oe-cm is apparently due to the slowing down 
of 6 particles in the relatively thick sources used 
by us. 


FIG. 3. The posi- 
tron spectrum of Cu®®, 
Solid curve — accord- 
ing to Owen and 
Primakoff, 7 e—our 
results. 


FIG. 4. The posi- 
tron spectrum of 
Eu’*?,15* | a) pair con- 
version positrons for 
a 1410-kev y quan- 
tum, b) B+ spectrum. 


1000 L000 


3000 Hp, 08cm 
The positron spectrum of Eul®?154" reduced 
to equal interval widths, is shown in Fig. 4. Here 
a correction has already been introduced, in ac- 
cordance with Fig. 2, to take into account the en- 
ergy dependence of the efficiency of the recording 
system. The measured positron spectrum exceeds 
the background by 2 or 3 orders of magnitude. 
When the source was displaced relative to the dia- 
phragm 1 (Fig. 1) in such a way that the 6-par- 
ticle beam did not pass through the spectrometer, 
the recorded intensity of radiation fell to back- 
ground level. This shows that the observed posi- 
tron spectrum is not due tothe y radiation from 
the source, since the conditions for irradiation of 
the spectrometer chamber and of the detector by 

y rays practically do not change when the source 
is displaced. At the same time positrons produc- 
tion by y quanta in the source itself (external 
pair production) is negligible. 

A very important point is the possible presence 
in the composition of the source of radioactive con- 
taminations which could give rise to emission of 
positrons. Some of the europium sources inves- 
tigated were more than three years old, and there- 
fore could not contain any short-lived activities. 

A careful study of the y radiation from Bue 
carried out by Bobykin and Novik! using sources 
prepared from the same material as used in our 
work, showed that this material contains insignifi- 
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cant amounts of Eu!®® and Cd!5?, Positron decay 
of these isotopes is apparently impossible,*»? and 
the observed spectrum should therefore be ascribed 
entirely to Jie Sita 

As can be seen from Fig. 4, the positron spec- 
trum is a complex one. The sharp falling-off of 
the spectrum at Hp © 2400 Oe-cm is apparently 
due to the positron spectrum of the internal pair 
conversion of the 1410-kev y line. The end point 
of this spectrum corresponds well to the energy 
Ey — 2mc? = 388 kev. Since the energy distribu- 
tion of positrons of pair conversion is known,!? 
the whole pair-conversion positron spectrum can 
be reconstructed from the sharp discontinuity.* 
The spectrum constructed in this manner is shown 
in Fig. 4 (curve a). 

The existence of this spectrum, as well as of 
an electron-conversion spectrum for the same 
transition, makes it possible to determine from 
the ratio of the coefficients of pair and electron 
conversion the multipole order of the transition. 
To do this, the same source was used to observe 
the positron spectrum and the part of the electron 
spectrum containing the K-conversion line for 
the 1410-kev transition. The results of measure- 
ments made on the electron spectrum are shown 
in Fig. 5. The ratio of the conversion coefficients 
was determined as the ratio of areas of the cor- 
responding spectra,f the area of the conversion 
line being determined by interpolating the B spec- 
trum under this line. The multipole order of the 
transition is determined by this method in a unique 
manner since, for example, inthe K shell the 
ratio of the intensities of the internal conversion 
positron spectrum to that of the internal conver- 
sion electron spectrum, Ip Nee I'y /aK, falls 
off rapidly as the multipole order increases, since 
the pair-conversion coefficient ly diminishes 


*The distribution of pair-conversion positrons in our case 
(Z = 62) was assumed to be the same as in the case Z = 84, 
calculations for which were made by Jaeger and Hulme. 1° 

tIn finding the above ratio, the difference in the efficiencies 
of the circuits for recording electrons and positrons was taken 
into account, since the electrons were recorded by a Geiger 
counter, while the positrons were recorded by a triple-coinci- 
dence circuit. 


FIG. 5. Electron con- 
version line in the K shell 
for a 1410-kev y quantum. 
N is the number of pulses 0 
per second recorded by 
the Geiger counter, Iy is 
the current in the winding 
of the spectrometer magnet. 


while the conversion coefficient in the K shell 
ax increases. The table gives results of calcu- 
lations for a number of different multipole orders, 
and also the value of Ip/aK obtained in our ex- 
periment. The comparison of the calculated re- 
sults with the experimental data gives for the 
multipole order of the transition the value E1, 
which corresponds to the data of Bobykin and 
Novik! and of Dzhelepov et al.? obtained from 
the electron-conversion coefficient in the K shell. 
For the pair-conversion coefficient we obtain the 
value Tp =(2.0+0.5) x10 (for ay = 0.48 x 
LOSE 

After subtracting the pair-conversion positron 
spectrum belonging to the 1410 kev transition we 
are left with a positron spectrum (Fig. 4) that 
cannot be ascribed to pair conversion, both be- 
cause of the shape of the spectrum (absence of 
a discontinuity on the high-energy side) and be- 
cause of the absence of transitions with energies 
greater than 1410 kev inthe y spectrum of 
Eu’*:154_ Figure 6 gives the Fermi plot for this 


2 


[owe 


Oe 
FIG. 6. Fermi plot for the 8* spectrum. W — is the total 
positron energy in units of mc’. 
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spectrum. It can be seen that the greater part 
of the spectrum lies on a straight line. This in- 
dicates that one of the europium isotopes under- 
goes positron 6 decay. The endpoint energy of 
the 8 spectrum is Ey = 700 + 20 kev. Figure 6 
shows that below 250 kev the experimental points 
deviate considerably from the Fermi straight line. 
This excess of positrons is probably due to the 
pair conversion of a number of weak y lines 
accompanying the decay of Eu!®?>154 (Ey = 1280; 
1110; 1086 kev?» 2) and also to Beaneeriig in the 
source. 

The observed 8* spectrum should apparently 
be attributed to the decay of Eu!®*, The following 
considerations are in favor of this hypothesis. No 
K capture was found in an investigation!? of the 
decay of Eu! free of Eul®*. At the same time, 
at E, = 700 kev the intensity of K capture ex- 
ceeds the intensity of gt decay by approximately 
a factor of 100. On the other hand, when the natu- 
ral mixture of europium isotopes (Eul®! — 47.8% 


and Eu!®?— 52.2%) is irradiated with neutrons, 
the Eu! content is considerably greater than 
the Eu!®4 content.* Therefore, the p* -spectrum 


observed experimentally cannot be attributed to 
154 


the decay of Eu 


FIG. 7. The decay 
scheme for Eu’®?,*5?™ 
with the positron 
decay branches ac- 
cording to the results 
of Grodzins’* and to 
our data. 


+ + 
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The intensity of the positron branch of the de- 
cay of Eu!®? was calculated on the basis of the 
decay scheme shown in Fig. 7. This part of the 
decay scheme of Eu! can at the present time 
be regarded as reliably established. 

After having determined the intensity of the pt 
spectrum relative to the internal conversion posi- 
tron spectrum (Fig. 4), we determined the inten- 
sity of the positron decay of Eu’: I = (1.2 + 0.2) 
x 1074 positron per decay. In this calculation the 
conversion coefficient for a 1410-kev y quantum 


* According to reference 14 the capture cross section for 
Eu! amounts to ~ 9000 barns with ~ 1400 barns representing 
the cross section for the formation of the 9.2-hour isomer of 
Eu'®?, while the capture cross section for Eu’** amounts to 
only = 420 barns. 


was taken to be 1.5 x 1074 (an interpolation be- 
tween the values Tp = 2.2x 1074 for Z=0 and 
Pp = 1.2% 107* for Z= 84) (cf. the table), and 
the intensity of electron capture into the 1532-kev 
level of Sm!*? amounts to 25% of all the transi- 
tions of Eu! (cf. Fig. 7). The area under the 
positron ~£ spectrum was found by extrapolating 
the Fermi plot (Fig. 6) towards the lower energies. 

As can be seen from Fig. 7, the observed ay 
decay agrees with the decay scheme of Eu! con- 
firmed by a number of workers.'~* The positron 
decay goes to the first excited state of Sm!?, 
According to the decay scheme this transition is 
first forbidden (AI =1, with a change of parity). 
This agrees with the experimentally-observed 
allowed shape of the pt spectrum. However, 
the observed value of log (tf) = 12.1 is too large 
for a first forbidden transition. It should be noted 
that very large values of log (tf) are character- 
istic also for the other transitions in the decay of 
Eul®? | electron capture and 6 decay. 

Grodzins and Kendall" have observed the gr 
decay of the Eu? isomer (Ty/, = 9.2 hours ) 
to the ground state of Sm}°?; the end-point energy 
of the spectrum was found to be 820 kev. The com- 
parison of these data with those obtained in our 
work shows (cf. Fig. 7) that the energy interval 
between the ground and the isomeric states of 
europium is less than 20 kev.* This value differs 
appreciably from the value (80 + 25 kev) obtained 
by Grodzins, but agrees with the value 30 + 40 kev 
according to the data of Nathan and Waggoner.‘ 

It should be noted that the data obtained by us 
on the total energy of the transition Eu’? — Sm!" 
do not agree with the results of the recently pub- 
lished paper by Bhaitacherjee et al #6 

In conclusion, the authors express their grati- 
tude to V. M. Kel’man for his continued attention 
and interest in our work, and to L. A. Sliv for val- 
uable remarks made in the course of discussing 
our results. 
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The electron-neutrino correlation in the 8 decay of Na™4 was investigated using nuclear 
resonance scattering of the Mg™* y rays that accompany the 6 decay of Na+. A gaseous 
Na** source was employed. The most probable value of the correlation constant was found 
tobe A=—0.23 + 0.19. It follows from these data that in the B decay of Na only the 
axial vector interaction should be involved, which corresponds to A = — 43. 


INTRODUCTION 


Ax important problem in the theory of weak in- 
teractions is the determination of the type of inter- 
action in B decay. The discovery of parity non- 
conservation has increased the number of experi- 
ments which involve the interaction constants. 
Nevertheless at this time the question of determin- 
ing the interaction types has not been solved. 

Prior to the discovery of parity nonconservation 
the established belief was that B decay is due to 
tensor and scalar covariants in the interaction 
Hamiltonian. This view was based on the electron- 
neutrino correlation experiments in He® (refer- 
ences 1, 2) and Ne!® (references 3, 4) as well as 
on the absence of Fierz interferences in the experi- 


mental determinations of 8 -decay spectrum shapes. 


However, as was shown by Lee and Yang,° the 
absence of Fierz terms does not prove that only 
one of the covariants is present in transitions 
governed by Fermi selection rules (scalar S and 
vector V covariants). Neither can it be concluded 
that only one of the axial vector or tensor covari- 
ants, which are responsible for B decays governed 
by Gamow-Teller selection rules, is present. 

The absence of Fierz terms requires only that 
the following expression vanish* 


Re{(CyCy + CyCy )| Me i? + (CrCl, + CC) | Mar |*}, (1) 


which will happen if Cg =-—Cg, Cy =CY), Cr= 
—C'p, Ca =Ca. This follows from data on polari- 
zation of B electrons.® Furthermore, the angular 
correlation between the electron and neutrino in 
Ar® was measured recently.! There are reasons 
to believe that the B* decay of Ar® is mainly 
due to the Fermi type of interaction. 

As a result of this experiment the correlation 
constant was found to be A= 0.70 + 0.17, which 


*We use the notation of reference 5. 
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means a substantial contribution from the vector 
interaction. 

The results of the Ar® experiment can be sat- 
isfactorily explained by a combination of either 
vector and axial vector, or vector and tensor inter- 
actions. Thus a contradiction resulted, and the 
necessity arose for further measurements of the 
interaction constants responsible for B decay. 


1. EXPERIMENTAL PROCEDURE 


In all experiments!~*:’ mentioned previously the 


electron-neutrino correlation was determined from 
observations of the nuclear recoil. One of the au- . 
thors® has proposed a different method for deter- 
mining the correlation, utilizing the nuclear-reso- 
nance scattering effect of the y-rays that accom- 
pany 8 decay. This method consists in the 
following: 

Suppose that the radioactive substance has a 
decay scheme as shown in Fig. 1, i.e., the B de- 
cay is followed by two y-rays in cascade, with 
energies Ey, and Hyp. 


FIG. 2. Diagram of the 
setup. 


My 


FIG. 1. Decay scheme. 


In the experimental setup, shown schematically 
in Fig. 2, the detector A registers y-rays of 
energy Ej and the detector B registers y-rays 
of energy Ey). A scatterer C is placed in the 
path of the y-rays of energy Ey», ( correspond- 
ing to transitions to the ground state), consisting 
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of Moa nuclei resulting from the 8B” decay of 


the Me nuclei of the source S. The detectors A 
and B are required to register in coincidence. 
The absorption of the y-rays of energy Ey) in 
the scatterer C is measured as a function of the 
angle y between the directions of the observed 
y-rays Ey, and Ey. 

Beside the usual absorption of y-rays due to 
the photo-effect, Compton effect, and pair produc- 
tion there is the additional absorption in C due 
to resonance scattering of y-rays by the nuclei 
of the scatterer. 

As was shown in reference 8, the average reso- 
nance scattering cross section depends not only on 
the width I’ of the level in which the scattering 
takes place but also on the quantity » which char- 
acterizes the interaction type in 6 decay. The 
average cross section equals 

r PN max 
= wT PeemITe nC 
5 = OE \ Fae | (Py) AP 


(2) 


where 


Lo 


op = Qnk* (27 + 1)/(2i + 1), 

x is the wavelength of the y-ray of energy Eyp, 
divided by 27; j is the spin of the excited level; 

i is the spin of the ground level; I is the natural 
width of the excited level; mj, is the nuclear mass; 
PN max is the maximum momentum that the nu- 
cleus can receive in the process of B decay; 
a=T7-—@ (¢@ is the angle between the directions 
of emission of the two y-rays); f(py) is the 
distribution function of the recoil nuclei. This 
function f(pn) is normalized according to 


18, I Seas 
—t cosa — =| : 
Cc Cc 


(3) 


PN max 

\ I (Py) dPy= | 

0 
and depends on the correlation constant A of the 
B decay. In deriving Eq. (2) it was assumed that 
the recoil nuclei are free, i.e., that their motion 
during the lifetime of the excited states is not 
perturbed by collisions with other nuclei. 

It was further assumed that no correlation exists 
between the directions of emission of the B- and 
y-rays. 

A numerical calculation was performed of the 
cross section for Na** whose decay scheme is 
similar to that pictured in Fig. 1. 

The energies of the B- and y-rays were taken 
as follows: 


(4) 


Eng =1.4 Mev, 
Ey, = 2.76 Mev, 
Es — 1.38 Mev. 
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FIG. 3. Dependence of the cross section @, on the angle a: 
the curve labelled 1 corresponds toA = + 1, 2—toA=0, 3-to 
A=-1. 


The maximum of the cross section occurs for 


(5) 


COS: Ey ee 


i.e., for a@=60°. 

The dependence of the calculated cross section 
on the angle q@ is shown in Fig. 3 for the three 
values A=—-—1, 0, +1. All curves are normalized 
to the same value at O = Oy ax. As can be seen, 
the angular dependence of the cross section varies 
noticeably with the values of the correlation con- 
stant 2d. 


2. DESCRIPTION OF THE SETUP AND EXPERI- 
MENT 


In this work the experiments on electron-neu- 
trino correlation were performed with a gaseous 
source of Na”, 

The experimental setup, the block diagram of 
which is shown in Fig. 4, is essentially similar to 
the setup described previously.® 

As is well known, metallic sodium in the gaseous 
state is monoatomic, consequently molecular bind- 
ing did not have to be considered. To create a 
source of sufficient intensity it was necessary to 
keep it at a temperature of ~ 900°C, which corre- 
sponds to a vapor pressure of metallic sodium in 
a hermetic container of stainless steel of the order 
of one atmosphere. At this pressure the time be- 
tween collisions should be longer than 107!! sec. 

Preliminary measurements? performed with a 
liquid-sodium source had shown that the lifetime 
of the level Ey. = 1.38 Mev was less than 2 x 
107 eigee: Therefore, in the gaseous source used, 
the recoil nuclei may be treated as free. Part of 
the metallic sodium remains in the liquid phase 
when the source is heated and the y-rays from 
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FIG. 4. Block diagram of the setup. S — y-ray source, B, 
and B, — lead collimators, C, and C, — tolan crystals, PM — 


photomultiplier FEU-33, CF — cathode follower, Lim — limiters, 


DCC — double coincidence circuit (2 t = 2 x 10° sec), A — am- 
plifiers (K = 200, f = 3 Mc/sec), D — discriminator and tuning 
device to 10° sec, FU — shaping network for 10 sec, TCC — 
triple coincidence circuit (2t = 10° sec), Ch—counter, PA — 
single channel pulse height analyzer. 


the liquid phase were kept at < 1% of the y-rays 
from the gaseous phase by blocking the lower part 
of the container with a lead shield. 

The y-rays were registered by scintillation 
counters consisting of FEU-33 photomultipliers 
and tolane crystals. The angle @=17-—@ was 
varied by rotating one of the detectors around the 
axis of the source. 

The pulse from each detector was fed into a 
“fast” coincidence circuit with a resolving time 
of 2x 107? see and, simultaneously, into a single- 
channel pulse-height analyzer so tuned as to pass 
only pulses from y-rays of a single energy. From 
there the pulses were fed into a “slow” coincidence 
circuit of resolving time 107~® sec and then were 
registered. 

A scatterer composed of magnesium nuclei was 
placed in the path of the y-rays headed for the 
counter registering y-rays of energy Ey = 1.38 
Mev. Then q@ was varied from 0° to 100° and the 
additional absorption of y-rays in magnesium due 
to resonant scattering was observed. In the alumi- 
num scatterer no such resonant scattering should 
appear. 

The magnesium scatterer was 80 mm long; the 
aluminum scatterer’s length was so adjusted as to 
give the same absorption as magnesium in the ab- 
sence of resonant scattering, i.e., at angles a > 
100°. 


3. EXPERIMENTAL RESULTS AND ANALYSIS 
OF THE MEASUREMENTS 


To exclude from the calculations the usual ab- 
sorption of y-rays due to the photoeffect, Comp- 
ton effect, and pair production the ratio of the 
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transparency of the magnesium and aluminum 
samples 


ae Tug  Nmug [Nar _ Nog 6 
Seb gn N ie alle (8) 


was measured for various angles a. 

Here NMg is the number of true coincidences 
with the resonant scattering magnesium in place, 
Na] is the number of true coincidences with the 
aluminum scatterer, N is the number of true co- 
incidences without any scatterer, TMg and Taj 
are the transparencies of the magnesium and alu- 
minum absorbers. 

However 


Pug = Tuga lug; Ta=T asa (7) 


where Tg is the transparency of the sample due 
to the usual absorption and scattering of y-rays 
and Ty, is the transparency due to the OTOH EIN: 


scattering of y-rays. Thus 
Ne Tus 
ee SOT ay 8 
Nat ( = Te 2 M (% ). ( ) 


The ratio Tyg,a/Tal,a was determined ex- 
perimentally without coincidences and found to be 
1.0006 + 0.0002, i.e., unity for all practical pur- 
poses. Therefore one may assume 


T'mg,r («) J Nog («) / Na . (9) 


The experimentally determined absorption due 
to resonant scattering is shown in Table I for a few 
values of a. 


TABLE I 
a, 2 1—T Mg,r (*) c= 1—T Mgr () 
0 |0.014+0,004|| 40 |0.036--0.007 
10 |0.0415+0.006]} 60 |0.052--0.004 
15 |0.047-+0.004 5 |0.026--0.009 
30 |0.032-+-0.005)| 120 |0.001--0.004 


Since the experimentally-determined transpar- 
ency is near unity, one may write 


1—Tng,r («) ="mgo mg,r Img, (10) 
where oMg, r is the resonant scattering cross 
section given by Eq. (2), og is the number of 
nuclei of the Mg*4 isotope per unit volume of 
the scatterer, and dug is the thickness of the 
magnesium scatterer. 

From expression (10) we can calculate the: max- 
imum resonant scattering cross section. It is 
given by 


Sma = (1:93 40:15). 102% em", (11) 


If we denote by 
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FIG. 5. Experimental results. 1 corresponds to A= + 1, 2 to 


A= Ole3 tov — — Ie 


Sug r(%) 


1 — T ug, r(%) (12) 


a Clem Saar 60°) 


Omax ( Mg, rf 
the quantities determined experimentally, and by 
D the ones calculated theoretically, we can obtain 
from Table I the ratios of the resonant scattering 
cross section to the maximum cross section for 
various angles @. The results are shown in Table 


II and plotted in Fig. 5. 


TABLE II 
rhe ore wie Sho 
a nn Se a | eal Hem ER (19) 
On eO. 20220: 07 M20) 0.6904 
10 | 0.290.412 || 60 1.00 
15 | 0.324+0.09 || 85 | 0.50+0.18 
30 | 0.62+0.10 |] 120 | 0.000.07 


We included the root-mean-square errors in 
Table II and in Fig. 5. For each point the error 
= ey corresponding to a definite value of A 
from +1 to —1, is characterized by the normal 
distribution law. 

By multiplying the probabilities of all points 
referring to the same value of A, we find the 
most probable distribution of x =D-—D asa 
function of > with the result 


See (13) 


The error in measurement comes from the distri- 
bution of probabilities for 2, which lies in the in- 
dicated region with a probability of 67%. 

From (2) and (11) we can determine the width, 
and therefore the lifetime of the excited level at 
1.38 Mev. With A = —0.23 we find 


<= (2.6-+0.2) - 1078 sec, (14) 


Measurements were performed with a solid Na?4 
source. The technique used was the same as for 
the gaseous source. The results of the measure- 
ments are compiled in Table III. 


TABLE III TABLE IV 

a,° 1—Tg ,r(*) a,° 1—TMe,r(*) 
400 |0.0034+-0.008 0 |0.001-+-0.004 
90 |0.000--0.008 40 {0.0000 .005 
65 |0.007--0.008 50 |0.003--0.005 
62 |0.010-+-0.008 60 |0.001-E0.004 
60 10.024+0.006 400 ]0.0041--0.004 


In this experiment, as in the liquid source ex- 
periment,” additional resonant absorption was ob- 
served only in a narrow region near the angle a@ 
= 60°. 

The interpretation of the results for the solid 
source is analogous to that expounded in the paper 
dealing with the liquid source.? 

The presence of the resonant scattering effect 
in a solid source indicates that the lifetime of the 
excited state with Ey, = 1.38 Mev is comparable 
to the time between collisions of the recoil nucleus 
in the solid (of the order 107'3 sec), which con- 
firms the result (14). 

In order to be assured that the measured reso- 
nant scattering effect was not due to some asym- 
metry in the apparatus we performed a control 
experiment using a Co® source in place of Na 
The decay scheme of Co” is similar to that of 
Na except that the emitted y-rays have ener- 
gies Ey, =1.17 Mev and Ey. = 1.33 Mev. The 
results of this experiment are shown in Table IV. 

It is seen that there is no dependence of the 
absorption on the angle a, proving the absence 
of asymmetries in the apparatus. 
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4. DISCUSSION OF RESULTS AND CONCLUSIONS 


In the process of B~ decay the Na‘ nucleus of 
spin and parity 4* is transformed into the 47 level 
of the Mg"4 nucleus. Thus, this isa j—j tran- 
sition allowed by both the Fermi (Aj =0, no) and 
the Gamow-Teller (Aj =0, +1, no, 0—0) selec- 
tion rules. 

However from a consideration of the isotopic 
spin T and the experiments on circular polariza- 
tion of Na y-rays* it will follow that the Fermi 
matrix element should be much smaller than the 
Gamow-Teller matrix element. 

Experiments on the circular polarization of y- 
rays from a number of emitters, including Na?4, 
are described in references 10 and 11. It is found 
that the polarization coefficient @ is small, which 
allows the conclusion to be drawn that the 6 decay 
of Na** is due to only Gamow-Teller or only Fer- 
mi interaction type. If both types were present 


*We are grateful to A. I. Alikhanov, V. A. Liubimov, and 
K. A. Ter-Martirosian for calling these possibilities to our 
attention. 
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simultaneously, the interference term would in- 
crease greatly and q@ would be large. 

In view of the importance of the question, one 
more experiment? on the circular polarization of 
Na y-rays was performed. 

The circular polarization of y-rays was de- 
tected by using the method of transmission of y- 
rays through a ferromagnetic alloy whose thick- 
ness was several radiation lengths for 2.76-Mev 
y-rays. As result the sensitivity was somewhat 
higher than in other experiments!”)!! where the 
circular polarization was deduced from the de- 
pendence of the intensity of the scattered y-rays 
on the direction of the magnetic field. The results 
of this work again indicate no significant interfer- 


ence term within the limits of experimental errors. 


Consider next the isotopic spin T. Fermi type 
transitions are governed by the selection rule AT 
=0, Gamow-Teller type by AT =0, +1. 

The ground state of Na“ has Tz =-1. Ifthe 
rule is invoked that the ground state has the small- 
est possible isotopic spin, the isotopic spin of Na?4 
ground state is expected to be T=1 andof Mg”4 
ground state T=0. 

It is known that excited states of Mg’ with 
T=1 appear only for excitation energies ~10 
Mev; all lower levels have T=0. 

It has been shown!® that the B* transition 
Al*4 — Mg*4 to the 9.35 Mev excited state is a 
super allowed (log ft = 3.35) Aj =0, AT = 0, 
T=1, A=4n type transition; consequently the 
9.35-Mev level has T = 1. 

Wilkinson calculated the first T=1 level of 
Mg**, excluding the Coulomb term from the bind- 
ing energy, and found for its energy 9.45 Mev, 
which is in close agreement with experiment. 
Therefore the 4.14-Mev energy level will have 
isotopic spin T=0. If that is the case, Fermi 
type transition can only amount to a small admix- 
ture to the Gamow-Teller type due to the inexact- 
ness of isotopic spin quantum numbers. 

It may therefore be taken as established that 
the B decay of Na*4 is due predominantly to the 
Gamow-Teller interaction type, i.e., 


| Mp |? << | Merl”. 
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It then follows from the present work that in B- 
decay governed by Gamow-Teller selection rules 
the interaction type is axial vector, corresponding 
to the correlation constant A = —0.33. 

Taking into account the errors in the present 
experiment, the conclusion may be drawn that the 
tensor interaction is not the sole one, as would 
follow from the He® experiment,” but that it is 
present only as an admixture to the basic axial 
vector interaction. 

The authors are grateful to Academician A. I. 
Alikhanov, K. A. Ter-Martirosian and V. A. Liu- 
bimov for numerous discussions and advice; and 
to A. I. Zubkov, V. G. Alpatov, and K. H. Rostov- 
tsev for help in carrying out the experiment. 
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The maximum energy of the x-rays emitted by an intense pulsed hydrogen discharge has 
been determined. The energy values presented are obtained from an analysis of the recoil- 
electron energy spectrum measured in a cloud chamber. 


1. INTRODUCTION 


Ir has been reported! that strong x-rays are gen- 
erated by intense pulsed discharges in light gases 
for certain values of the initial pressure. It has 
also been observed that under the same conditions 
the curves of discharge voltage and current exhibit 
characteristic discontinuities at well-defined in- 
stants of time. The appearance of the x-ray burst 
usually coincides with the appearance of the second 
break on the current curve. In discharges in heavy 
gases’ the x-ray energy is found to be considerably 
smaller than in light gases. If the discharge takes 
place in deuterium, neutron bursts are observed 
in addition to the x-ray bursts.° 

The neutron bursts from pulsed discharges in 
deuterium have been studied by a number of authors 
(cf., for example, references 4 to 6); on the other 
hand, since the appearance of the first papers in 
this field there has been practically no information 
concerning the properties of the hard x-rays pro- 
duced by a gas discharge in a cylindrical chamber. 

The present work describes measurements of 
the energy of the x-rays characteristic of a hydro- 
gen discharge. These measurements were under- 
taken in order to obtain data which would serve as 
a basis for the analysis of the mechanisms which 
have been proposed to explain the acceleration of 


charged particles in pulsed high-current discharges. 


2. METHOD OF MEASUREMENT 


In 1953, when hard x-rays were first observed 
in intense discharges in hydrogen and deuterium, 
estimates were made of the upper energy limits 
of the x-ray spectrum. Various approaches were 
used in making these estimates: filter measure- 
ments, measurements of the length of recoil-elec- 
tron tracks in nuclear emulsions, measurements 
with shielded scintillation detectors, and photoef- 
fect measurements [the (y, n) reaction in Be]. 
From an analysis of these measurements it was 
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definitely established that the x-ray energies were 
of the order of hundreds of kev although the voltage 
across the discharge tube was 10 to 20 kv. However, 
because of the slope of the spectral distribution 
curve it was difficult to set an upper limit on the 
energy. 

In the present work, in order to make a more 
precise determination of the x-ray energy the 
measurements have been carried out in a cloud 
chamber. The use of a cloud chamber makes it 
possible to avoid certain difficulties which are 
characteristic of the methods cited above. The 
basic advantage of the cloud chamber in studying 
short x-ray bursts is the relatively small time 
during which the instrument is sensitive. Nuclear 
emulsions record the cosmic-ray background 
throughout the entire experiment; the cloud cham- 
ber is sensitive for only a short period of time so 
that there is a considerable improvement in the 
signal-to-noise ratio. Moreover, the possibility 
of following tracks of recoil electrons or photo- 
electrons which are formed by single photons, 
without any interference due to the pulsed dis- 
charge, represents a considerable advantage for 
the cloud chamber as compared with a shielded 
scintillation detector. 

The energy of the electrons was determined 
from measurements of track length in the cham- 
ber. The well-known method by which electron 
energy is determined from the curvature of the 
trajectory in a magnetic field could not be used 
in the present work, because at electron energies 
of 200 kev the mean scattering angle is consider- 
ably greater than the largest angle for which the 
track curvature can be measured. 

To determine the energy of the x-ray photons 
from the electron energies, one must decide. 
whether these electrons are formed as a result 
of the photoeffect or the Compton effect. At en- 
ergies of 200 to 400 kev the probability for the 
photoeffect in air, with which the cloud chamber 
is filled, can be neglected as compared with the 
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probability for the Compton effect. However, the 
production of photo-electrons in the glass walls 
of the cloud chamber can be important at these 
energies. The ratio o,/ Oph, as a function of 
energy of the x-ray photons, was computed theo- 
retically for glass; the results of the calculation 
are shown in Fig. 1. Inasmuch as the purpose of 
the work was a determination of the limiting en- 
ergy of the x-ray photons, the Compton probability 
was computed for electrons acquiring energies 
from 0.9Emax to Emax, where Emax is the 
maximum energy transferred by the photon to the 
electron in the Compton process. As is apparent 
from Fig. 1, the predominance of Compton elec- 
trons in glass is insignificant in the photon-energy 
region around 200 kev. However, the probability 
of Compton formation can be greater for the en- 
tire cloud chamber. To verify this point we car- 
ried out calibration experiments in which the 
chamber was exposed to an x-ray flux of known 
energy from a pulsed x-ray tube. 


Oc /OF 


FIG. 1. Ratio for the probabilities of the 
Compton effect and photoeffect in glass. 


02 Q3 04 05 06 07 
hu/me 


3. EXPERIMENTAL SETUP 


The pulsed discharges in hydrogen were pro- 
duced with a bank of twelve capacitors (IM-3/50) 
totaling 36pf. The discharges were excited in a 
porcelain tube 170 mm in diameter and 1000 mm 
long. In order to reduce the lead inductance of 
the circuit, the discharge tube was located in a 
coaxial line and placed directly above the capaci- 


to OK-17M {J 


to OK-17M 


ae 
OK-17M 
trigger 
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tors. The stray inductance of the external circuit 
was 0.5uh. The capacitor bank could be charged 
to 50 kv from a high-voltage supply. The external 
circuit was closed by triggering a thyratron (cf. 
Fig. 2). The triggering pulse was obtained from 
a special system which was controlled by a me- 
chanical synchronizer. After each discharge the 
tube was evacuated and filled with a new charge 
of hydrogen gas. The hydrogen was admitted to 
the discharge tube from a measured volume which 
was first filled to a known pressure through a 
nickel filter. Under these conditions a controlled 
amount of gas could be admitted to the discharge 
tube regardless of the wall temperature. 

The discharges were produced at hydrogen 
pressures of 6 x 10°? mm Hg. The maximum 
x-ray intensity was found at this pressure for the 
experimental conditions described here. Fora 
pressure of 6 x 10™* mm Hg and a voltage of 
40 kv the peak current was 200 kiloamperes. 

The spectrum of the electrons produced by 
x-ray photons was measured with a cloud cham- 
ber with a rubber diaphragm. The chamber di- 
ameter was 280 mm and the depth was 80 mm. 
The chamber was charged with purified air and 
a water-alcohol mixture (66% alcohol and 33% 
water) to a pressure of 2 atmos (abs). Illumi- 
nation was furnished by pulsed lamps (IPK-600). 
The pictures were taken with a camera with a 
“Jupiter 1.5” lens. The chamber was triggered 
simultaneously with the application of the voltage 
to the discharge tube. The light pulse was de- 
layed with respect to the chamber expansion by 
means of a special mechanical synchronizing sys- 
tem (Fig. 2). An electronic synchronizing system 
could not be used because of the interference due 
to the discharge itself. 

It is difficult to follow the tracks produced by 
high-energy electrons because of the large num- 
ber of short tracks on the photographs. For this 
reason, the measurements in the high-energy re- 


FIG. 2 Diagram of the apparatus. 1) Cloud chamber 
2) Control system for the cloud chamber 3) Pulse trans- 
former 4) Rogovskii loop. 
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gion were made with the cloud chamber shielded 
from the discharge tube by a thick layer of lead, 
which is a strong absorber for soft x-rays. The 
discharge tube was surrounded by lead shields 
15 mm thick. Since the maximum x-ray intensity 
is found close to the electrode which is at the 
positive potential when the discharge is initiated 
(“anode”), the cloud chamber was mounted at the 
same height as the “anode” and at a distance of 
approximately 1 meter from the axis of the dis- 
charge tube. 

The time behavior of the discharge was ob- 
served with a two-beam pulsed oscilloscope 
(OK-17M). The current flowing in the main cir- 
cuit of the pulsed generator was measured with 
a Rogovskii loop and an RL integrating network. 
The Rogovskii loop was a toroidal coil which 
linked the conductor carrying the current. The 
winding was terminated by a small non-inductive 
resistance. The voltage across the resistance R 
is given by the simple formula V = RI/n where 
I is the current and n is the number of turns in 
the coil. The voltage from the non-inductive re- 
sistance R was applied to one of the pairs of 
plates of the pulsed oscilloscope. The Rogovskii 
loop was characterized by the following param- 
eters: n= 300 and R=0.2562. 

The voltage was measured with a low-resist- 
ance divider, connected across the discharge tube. 
The total resistance of the divider was 100,000 
ohns. The voltage was fed to the other pair of 
plates through a 100-ohm resistance. The rela- 
tive x-ray intensity was measured with a scintil- 
lation detector consisting of a FEU-19M photomul- 
tiplier and an Nal crystal. The pulse from the 
multiplier was fed to an amplifier which was spe- 
cially designed to operate in the presence of the 
strong interference due to the discharge. The 
amplifier output was applied to the plates of the 
oscilloscope; the discharge current or voltage 
pulse could be applied to the other pair of plates. 

The voltage and current pulses and the pulses 
from the scintillation detector were fed to the os- 
cilloscope through RK-2 cable. All cable connec- 
tions were carefully shielded. The oscilloscope 
was triggered from a coil located at the high- 
voltage input of one of the condensers. A typical 
current oscillogram and detector pulse are shown 
in Fig. 3. 

The calibration measurements were made with 
a pulse generator which supplied voltages up to 
300 kv. The pulses from the generator were ap- 
plied to a ZBPM-200 x-ray tube. This tube can 
be pulsed at 300 kv if it is oil-cooled and operated 
at reduced filament current (after a suitable 


period of processing). In order to be sure that 
the experimental conditions were the same in the 
discharge experiments and the calibration experi- 
ments, the pulsed x-ray tube was shielded by a 
lead sheet 15 mm thick. 


FIG. 3. Oscillogram of the discharge current and the x-ray 
burst. The total length of the sweep is 20 microseconds. 


4, RESULTS OF THE MEASUREMENTS 


It is well-known that the intensity of the x-ray 
bursts varies strongly from discharge to dis- 
charge. For this reason simultaneous observa- 
tions were made of the tracks in the cloud cham- 
ber and the pulses from the scintillation detector. 
If no pulse was observed on the oscillogram the 
track picture was not used. Thus, in the analysis 
we excluded track photographs of discharges in 
which the x-ray yield was small. In some cases 
the x-ray bursts were so intense that it was diffi- 
cult to follow individual tracks. Such photographs 
were also rejected. 

Since the tracks were photographed with a 
single camera the photographs represent the pro- 
jection of the electron tracks on the plane perpen- 
dicular to the optical axis of the camera. If the 
projected track is highly curved the projected 
length is 7/4 of the actual length. Curved elec- 
tron tracks have been studied in reference 7; in 
this work it has been shown that this correction 
factor yields a rather high degree of accuracy. 

To analyze the experimental data the photo- 
graphs were enlarged to natural size; the tracks 
were then traced carefully and the lengths were 
measured. In order to obtain the true range of 
the electrons in the chamber the measured track 
lengths were multiplied by 4/7, as indicated 
above. The electron energies were determined 
from an energy-range curve which was plotted 
using well-known experimental values. 

In order to measure the background, the 
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FIG. 4. Energy distribution 
for the recoil electrons formed 
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chamber was operated again after taking each 
x-ray electron picture, and photographs were 
made of the tracks due to the cosmic-ray back- 
ground and the residual radioactivity. A histo- 
gram of the energy spectrum of the x-ray elec- 
trons from a hydrogen discharge is shown in Fig. 
4. The spectrum measured for the background 
electrons is shown in the same figure (dashed). 
The same number of x-ray electron track photo- 
graphs and background photographs were analyzed 
in plotting these histograms. Of a total of 500 
photographs, 189 were found suitable in accord- 
ance with the criteria given above. 

In Figs. 5 and 6 are shown the calibration 
histograms for the electron spectra produced in 
the chamber by x-rays from the pulsed tube. The 
x-ray tube was pulsed at 240 and 285 kv. The 
upper limits for the electron energy in these 
histograms is 120 and 140 kev respectively. 

It follows from the theory of the Compton ef- 
fect that the maximum energy of Compton elec- 
trons produced by x-ray photons of 240 and 285 
kev is 116 and 145 kev. Within the limits of the 


FIG. 5. Distribution of 
electrons formed by the 
x-rays from a pulsed x-ray 
tube. 
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by x-rays from a gas discharge. 


present accuracy, these values are in agreement 
with the experimental results. For these same 
X-ray energies the maximum energy for photo- 
electrons ejected from the glass (highest ioniza- 
tion potential approximately 20 kv) is 220 and 
265 kev. 

Thus, the experimental data indicate that at 
energies above 200 kev the probability of the 
Compton effect is considerably greater than the 
probability of the photoeffect. 

An examination of the histogram in Fig. 4 in- 
dicates that the upper energy limit for electrons 
in the cloud chamber is 180 kev for discharges in 
hydrogen. If we assume that the limiting-energy 
electrons are Compton electrons, we can find the 
energy of the x-ray photons. The appropriate cal- 
culation indicates that an intense discharge in hy- 
drogen with 40 kv across the capacitor produces 
x-ray photons with energies of 320 kev. These 
same experimental data show that the x-ray pho- 
tons with energies greater than 320 kev represent, 
on the average, less than 0.1% of the total number 
of photons from the discharge. 

The voltage across the discharge tube was 
measured by different methods and the results 
were consistent. The error in all measurements 
was less than 5%. It may be noted, however, that 
the upper energy limit was obtained by averaging 
over a large number of pulses; hence it is possible 
that the spectrum of an individual discharge may 
contain photons with higher energies. 


5. CONCLUSIONS 


A comparison of the experimental data pertain- 
ing to neutron and x-ray bursts in intense dis- 
charges in deuterium and hydrogen would seem to 
indicate that the mechanism is the same for both 
gases. 


FIG. 6. Distribution of 
electrons formed by the 
x-rays from a pulsed x-ray 
tube. 
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It may be of interest to list the presently avail- 
able experimental facts pertaining to the hard radi- 
ation from a gas discharge. 

1. The neutron and x-ray bursts are observed at 
the same time in the development of the discharge. 
2. The deuterons associated with the neutrons 

in a deuterium discharge are accelerated toward 
the cathode, whereas the maximum x-ray intensity 
is found in the region of the anode. 

3. The x-ray and neutron radiation are observed 
only for a well-defined region of initial pressures 
in the discharge tube; this region is the same for 
both types of radiation. 

4. The maximum deuteron energy is estimated 
as 250 kev. Within the limits of the experimental 
errors this value is in good agreement with the 
upper limit of the x-ray spectrum (and conse- 
quently the electrons which are produced by x-ray 
photons ) obtained in the present work, which is 
320 kev. 

All these factors indicate that the neutron and 
X-ray radiation can not be explained by some type 
of betatron acceleration mechanism;?® this conclu- 
sion has already been indicated.! 

The experimental facts indicate that there is a 
relation between the hard x-rays from intense 
pulsed discharges and the neutron radiation pro- 
duced in deuterium discharges. These radiation 
effects result, apparently, from the production of 
electric fields along the axis of the discharge tube; 
these fields accelerate the charged particles (elec- 
trons and ions). As has been indicated in refer- 
ence 1, these electric fields may be produced as 
a result of the redistribution of current which fol- 
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lows a change in the radius of the discharge column. 
When certain types of instabilities arise these fields 
can become very strong; in particular, strong fields 
can be produced as a result of constrictions in the 
discharge column. 

The authors are indebted to L. A. Artsimovich 
and S. Iu. Luk’ainov for valuable discussions and 
to T. L. Asatiani for assistance in the construction 
of the cloud chamber. 
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Paramagnetic longitudinal (spin-lattice) relaxation in solutions of salts of the iron group and 
rare earth elements is considered theoretically. The calculations are based on the assumption 
that, like ionic crystals, liquid solutions contain paramagnetic complexes. The normal vibra- 
tions of these complexes are perturbed by the Brownian motion of the surrounding particles; 

as a result, the electric field acting on the paramagnetic ions is changed and relaxation transi- 
tions are induced between different stationary states. It is shown that, when the interval between 
the two lower Stark sublevels of the ion is 6 ~ 2kT, two longitudinal relaxation times exist; one 
is due to transitions between various Stark (orbital) levels without spin flip, and the other is 
due to transitions within a Stark level with change of the spin direction. The paramagnetic res- 
onance line width is due to transitions of the first type. The predictions of the theory are in 
good agreement with the experimental data referring on copper, chromium, and manganese 


salt solutions. 


1. INTRODUCTION 


lhe current theories of longitudinal (spin-lattice ) 
relaxation in liquid solutions of paramagnetic salts 
are in contradiction with many experimental facts. 
At the base of the theory of Bloembergen, Purcell, 
and Pound,! which finds wide application in the re- 
gion of nuclear magnetic resonance, lies the as- 
sumption that the exchange of energies between the 
spin system and Brownian motion takes place 
through the fluctuations of the magnetic dipole- 
dipole interaction of the particles, brought about 
by this Brownian motion. In its application to so- 
lutions of paramagnetic salts, this theory gives 
values for the longitudinal relaxation times which 
are comparable to those observed by experiment 
only for very high concentrations of the magnetic 
particles. 

McConnell? and McGarvey? have proposed an- 
other relaxation mechanism. They consider the 
paramagnetic ion, together with the solvate shell 
surrounding it, as a “micro-crystallite” which 
can rotate under the action of Brownian motion. 
The energy of the paramagnetic ion in the exter- 
nal magnetic field H, the Stark splitting of the 
spin levels in the crystalline field, and the hyper- 
fine structure will depend on the direction of H 
relative to the axes of the crystallite. Therefore, 
rotations of the crystallite produces an exchange 
of energy between the paramagnetic ion and Brown- 
ian motion. The theoretical conclusions of Mc- 
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Connell and McGarvey confirm the experimental 
investigations of the paramagnetic-resonance line 
width in absorption, which unfortunately has been 
carried out only at a single frequency of the radio- 
frequency field and at one temperature. The many-. 
sided experimental investigation of paramagnetic 
resonance in liquid solutions of salts, carried out 
by Kozyrev* at different temperatures and over a 
wide frequency range, has revealed that, in the 
majority of cases, the experimental dependence 

of the longitudinal relaxation time on temperature 
and direction of the applied magnetic field is com- 
pletely at variance with the predictions of the the- 
ory.??3 Evidently, none of the different mechan- 
isms which can guarantee spin-lattice interaction 
could be considered important in current theories. 
We shall show that the principal mechanism corre- 
sponding to paramagnetic relaxation in liquids of 
paramagnetic solutions is the following. 

In solid paramagnetic ionic crystals, the para- 
magnetic particle m and with the adjacent diamag- 
netic particles X usually form a paramagnetic 
complex, for example, MX, (M is a metallic ion, 
X is a molecule of water or other diamagnetic 
particle), the internal interaction of which must 
be considered first in the explanation of magnetic 
properties of the material. In solutions, the pres- 
ence of a solvate shell allows us to make a similar 
assumption. We can assume that, at least in the 
course of time larger than the correlation time of 
the spin-lattice interaction, the paramagnetic ion 
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and the neighboring molecules of the solvent form 
a stable complex whose vibrations can be charac- 
terized by a set of normal coordinates Q;. The 
Brownian motion of the molecule of the liquid ex- 
cites vibrations of the paramagnetic complex, and 
the latter changes the electric field in which the 
paramagnetic particle finds itself. This change is 
shown in the spin-orbit interactions of the electrons 
of the paramagnetic ion, and consequently can bring 
about a re-orientation of its magnetic moment. 


2. METHOD OF COMPUTATION 


The Hamiltonian that takes into account both the 
internal interaction of the paramagnetic ion M and 
the effect on it of the surrounding diamagnetic par- 
ticles X of the complex is of the form 

H = Hot H (1) 
where the main part %, contains the coordinates 
and the spin variables of the electrons of the ion 
M, while the perturbation %’ depends also on the 
normal coordinates Qj; of the complex, which are 
random functions of the time t. Let Ez and E;, 
be a pair of energy levels of the unperturbed sys- 
tem ey We shall be interested in transitions of 
Ez and E,x under the action of the perturbation 
5 , the probability of which is obviously propor- 
tional to the square of the modulus of the matrix 
element 37. (t). Since 37, depends on Qj, we 
shall apply the method of correlations. If we in- 
troduce the correlation function Kz, (T) = 
Hy (t) 7, (t +7) in the usual way, then the av- 
erage transition probability per second between 
the levels E7 and E, will be equal to 


Arn = kJ (on), (2) 


where wy, = (E7—- Ex)/fh while J(wy,) is the 
Fourier component of the correlation function, 
equal to 
J (Oi) = \ K 1p (t) exp (ieo7p7) de. (3) 
If it is assumed that the dependence of the cor- 
relation function on 7 is determined by a Markoff 
law: 


Kix (*) = K (0) €XD (— [erie (4) 
then the transition probability takes the form 
An =? |Hn ie (5) 


The meaning of the correlation time tT, will be 
explained below. 

In what follows, we shall assume for definite- 
ness that the paramagnetic complex contains six 
diamagnetic particles X, distributed at the ver- 
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tices of an octahedron. The spin-lattice interac- 
tions that arise through the normal vibrations of 
the octahedral complex were considered by Van 
Vleck,® who found that 


6 
GH = », VO) (6) 
i=2 
where 
V® = —18C(2—y), VO = — 18C (7 — 32) /V3, 


(7) 
V™ — 24Cxy, V® = 24Cxz, y= 24 Cyz,) C= ep] R®. 


here r(x, y, z) is the radius vector drawn from 
the nucleus to the electron of the unfilled shell M; 
R is the equilibrium distance between the particles 
M and X, e’ is the charge of the ion M, and 
uw is the dipole moment of the molecule X. In the 
expressions derived for the coefficients v (i) ‘ 
terms proportional to (r/R)* and (r/R)® are 
omitted. 

Thus, if we substitute 


Hn (t) = DVKQ Ce) (8) 


in formula (5) and consider the orthogonality of the 
normal coordinates, we obtain 


Am = (@[ 4?) DVR PF 2 /(1 + etnte). (9) 


For all normal vibrations, we have introduced a 
certain average quantity Q? =Q?. 


It is known from optical® that the eigenfrequen- 
cies of the normal vibrations of the octahedral 
complexes of ions of the transition group lie 
within the range 4 x 108 to 16 x 10! sec! (200 
to 800 cm~!). The quantum mechanical mean 
square of the amplitude of the oscillator is equal 
to 

Q = (k / 2mwo) Coth (hey / QT). (10) 
For all normal coordinates Q; of the complex, 
we have introduced a certain average frequency 
wy and mass m (close to the mass of the com- 
plex). 

The correlation time T, of the oscillators Q;, 
brought about by the action of the dissipative forces 
is naturally determined as the reciprocal value of 
the damping coefficient y which can be compared 
with the width of the satellite lines in the Raman 
spectra of paramagnetic ions: y~ 10cm! and 
To © 1/y~ 10°" sec. From experimental data 
(see reference 8) on the temperature dependence 
of the line width of the vibrational structure of 
optical spectra of the ions in crystals, it follows 
that the width increase upon heating is proportional . 
to VT. We can reach this conclusion also by start- 


? 
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ing from theoretical considerations.®»? Thus the 
temperature dependence of the transition probabil- 
ity (9) will be given by the formula 


Am ~ T~ coth (ae, / 2kT) (11) 
for Tw te <<) ,: and. 
Am ~ T’ coth (he, | 2kT) (12) 


for Tw ik Sule 

Finally, we shall establish a simple connection 
which exists between the probabilities of relaxation 
transitions in liquid solutions and the probabilities 
of single phonon processes in crystals. For crys- 
tals, the transition probability is computed from 
the formula (see reference 10): 


Ale = 2nh~o,,, | Hw? (13) 


where p,, = 3Vw?/2mv® is the spectral density of 
vibrations of the lattice of frequency w, v is the 
average sound velocity, V is the volume of the 
crystal. If we denote the mass of the crystal by 
My, and the temperature by Tp, then the mean 
square of the matrix element of the energy of 
spin-lattice coupling will have the form: 


a 2Raj, exp (ho, / kT) 
2M ,;, 1007 exp (hw, / kRT))—1 


|\HuP = d|VRP 


zt 


(14) 
Assuming hwy, = g8H « kT), we obtain 

Ale = (1/5 7h) D)| Viv P(R?aix /p0°) kT o, (15) 
where p is the ig of the crystal. Comparing 
(15) and (9), we readily obtain 


5rev> Q? 2t,, 


An = a 
aw, (To) B® 1 + 03,7? 


yap (16) 


Taking for the constants the values p = 2 gm/ 
em®, v =2 x 10° cm/sec, T = 300°K, Ty = 1°K, 
Q2/R2=10, wz, =10' cps, and tT, = 10°” sec 
we obtain 


Am = 108 Af?. (17) 


Thus, in measurements in crystals at low tem- 
peratures, the relaxation time in liquid solutions 
can be estimated from the spin-lattice relaxation 
time. In many salts of elements of the iron group, 
the relaxation time at helium temperatures is of 
the order of 1072 to 107! sec. Therefore, for lon- 
gitudinal relaxation times in liquid solutions of 
these salts at room temperature, we obtain T, ~ 
107? sec, which is of the same order as quantities 
obtained experimentally. 

Let us turn our attention to a detailed consider- 
ation of the most typical paramagnetic salts. We 
shall consider, successively, solutions containing 
ions of elements of the iron group, ions of rare 


earth elements and, as a separate class, ions 
found in S-states. 


3. IONS OF ELEMENTS OF THE IRON GROUP: 
CASE OF s=4 


Among the ions of elements of the iron group 
we must single out those for which the spin S =4 
because in this case, according to Kramers’ theo- 
rem,!! Stark splitting of the spin energy levels is 
absent. We shall first consider doubly ionized 
copper atoms (ground state 7D). Six molecules 
of water form a distorted octahedron around the 
copper ion, creating a strong electric field of 
cubic symmetry and a weak tetragonal field. We 
can characterize the system of orbital energy 
levels of Cu’? (Fig. 1), which are formed in 
these electric fields, by the following wave func- 
tions:!? 


Ya — (p2 F bs) /V 2; d, — Yo, de = (2 — b_) / Uae 
dba = (P, + P)/ V2, be = (f, — pt, (eo) 


The double spin degeneracy of each of the simple 
orbital levels is removed in the magnetic field; 

the magnetic sublevels can be characterized by 
the quantum numbers M=+%. The width Av 

of the resonance line (a; M=—3—3) is equal 
to the sum of the transition probabilities from 
each of the sublevels (a; M=+34) to all the re- 
maining. Since the transition probabilities from 
the lower levels to the upper are proportional to 
the corresponding Boltzmann factors, we obviously 
cannot consider transitions to the levels c, d and 
e. Of the remaining transitions; the only important 
ones are those completed between different orbital 
levels without a change in the spin direction. The 
matrix elements of the perturbation ’ for these 
transitions are equal to 


Cas — 2; b, 12 = He: SE ey Glee 
= 16 V3 e'ur?Qy /7R°, 1) 
while for a transition between the magnetic sub- 
levels of the lower orbital state, a matrix element 


differing from zero appears only in the third ap- 
proximation, and is equal to 


Hoa, 1p. 0, +l BHA "Hav. (20) 


Here A is the spin-orbit coupling constant. 
Finally, with the help of (19) and (9), we get the 
following expression for the half-width of the reso- 
nance line: 


AGN tee? 
dy =6 (= QF OWS ogni ORB ame 


LU is as aad oe 


This equation gives a good account of all the ex- 
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perimental facts established by Kozyrev'? for sev- 
eral copper salts. It follows from (21) that the 
width of the paramagnetic resonance line Av ought 
not to depend upon the direction of the magnetic 
field H. Actually, experiments carried out at dif- 
ferent frequencies of the oscillating magnetic field 
(which differ over a range of one hundred) have 
not revealed any notable change in the width Av. 

If the relaxation were determined by a McConnell 
mechanism,’ then the width ought to change by 

~ 104 times. We note that the mechanism assumed 
by us also would give such a strong dependence on 
the field H if the relaxation transitions with 
change of spin orientation played the dominant role, 
as is evident from (20). 

It has been established from experiments on 
aqueous solutions of Cu(NOs3). that, heating from 
~ 300° to 400°K increases the width by a factor of 
1.8.‘4 In crystals, the interval 6 = hwap ~ 1000 
cm™!, It is natural to assume that in aqueous solu- 
tions, too, the value of 6 has this same order of 
magnitude. In this case, w%pT% > 1, and there- 
fore the temperature dependence of the width will 
be given by the formula 


Ay ~ VT coth(aa,/2kT) exp(—8/2kT). (22) 


We assume the frequency wy, to be 500 em™, 


Hence, to explain the increased width observed 

in the heating from ~ 300° to 400°K, it is neces- 

sary to set 6 = 750 em™!. A certain decrease in 

the value of 6 in the transition from the crystal 

to the liquid solution is possibly connected with 

the fact that the distortion of the regular octahedral 

form of the paramagnetic complex in the solutions 

is connected only with the effect of Yang and Teller. 
To estimate the order of magnitude of the quan- 

tity Av, we transform (21) into 


ye 16 e’u 2 \ Q2 exp (— 8/ 2kT) 
Av = 12(7 oe Si : (23) 


c 


We assume the dimensionless quantity in the paren- 
theses to be equal to unity. It is uncertain whether 
an estimate obtained by direct calculation is more 
accurate, because the substitution of the paramag- 
netic complex for a point charge and six dipoles 

in the calculation of the energy of spin-lattice in- 
teraction is obtained only in very rough approxi- 
mation. If we assume that Q2/R2 ~ 10°74, we ob- 
tain Av ~ 10° cps, which agrees well with the 
experimental value. 

Measurement of paramagnetic resonance in 
different copper-salt solutions permits us to es- 
tablish an interesting fact: the closer the g-factor 
is to the pure spin value, the greater will be the 
width of the absorption line. In first approxima- 
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FIG. 1. Successive splitting 
of the ground energy level of 
Cut? under the action of a strong 
cubic field, a weak tetragonal 


field, and a magnetic field. 2 


-2 
2 
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tion,® g=2- 4rx/A. The increase in the width 
Av with decrease in the ratio |A/A| follows 
directly from (21). A decrease in |A/A| can be 
a consequence only of the preservation of the equi- 
librium distance R between the Cut? ion and the 
water molecules; in this case, the energy interval 
6 is probably preserved, too. 

Hitherto we could recognize “spin-lattice” in- 
teractions in paramagnetic solutions only from 
experimental data on the width of the paramagnetic 
resonance line. However, we shall employ an en- 
tirely different method of investigation — meas- 
urement of the paramagnetic absorption in parallel 
fields in which we can determine the longitudinal 
(spin-lattice) relaxation time T,. In the case of 
copper salts (since the interval between two low- 
est orbital levels is comparatively small) there 
is a large difference between the values of Av 
and 1/T,. In the computation of T, for Cutt, 
we make use of the equation: '® 


1/T,=«/C, (24) 


where a is the coefficient of thermal conductiv- 
ity between the spin system and the lattice, while 
C is the specific heat of the spin system. With 
sufficient accuracy we can regard as possible re- 
laxation transitions only those between the levels 
a and b (Fig. 1) which takes place without a 
change in spin. Let the lattice temperature be 
equal to T andlet Tg =T+® be the tempera- 
ture of the spin system. The excess of the num- 
ber transitions per second from level b to level 
a over the inverse transitions will be equal to 


AN = NpAba re NaAap a NaAap (25) 
X [exp (— 8/k(T +0) +8/&T) — 1] = NgAq,80 / RT?. 


Here Ng and Np are the numbers of particles 
in levels a and b, respectively. The coefficient 
a (the energy given up by the lattice per second 
if ®© = 1°) will be equal to 

a = NgAgyd? / RT?. (26) 


For calculation of the specific heat C, we make 
use of the equation (see reference 17): 


C= (Rea yers (27) 
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Here (AE)? is the mean-square energy fluctua- 
tion, which can easily be calculated by taking into 
account the population of levels a and b. Asa 
result we obtain 


CES Nee he ET): (28) 


If we take into consideration that Av = 2Aagp, we 
easily obtain with the aid of (24), (26), (27), and 


(23) 
= 6(4 eu 722 Q? exp (8/247) 
Pi 7 RS RE) R=, (ten 8T AY) - 
AY dl kT 
petal teeters RL), (29) 


It is interesting to note that, in contrast to the 
width Av, the quantity 1/T, decreases with in- 
creasing temperature. This unusual temperature 
dependence of the relaxation time is explained by 
the fact that in our case the specific heat of the 
spin system will increase upon heating more 
rapidly than the probability of relaxation transi- 
tions. 

It should be kept in mind that the nonequilibrium 
distribution of particles between the levels a, —3 
and a, % (or the levels b, —34 and b,4) cannot 
be cancelled out with the help of the relaxation 
transitions a, —-}—b, —4 and a,4—b, 3. 
Therefore, there will be another relaxation time 

4 in addition to the time T,. The value of Tj 
can be estimated, according to (9), (19), and (20), 
by the formula: 


1 ROS ReSHT\* (16 67a 7S? 
Sala) (TRE) = (80) 


At H ~ 104 Oe and room temperature, we have 
1/T{ ~ 10° sec™!, 

There is also a third way of measuring quanti- 
ties which depend on the probabilities of relaxation 
transition. According to reference 18, the changes 
in the magnetic field of paramagnetic ions in a so- 


lution, which take place during relaxation processes, 


determine the value of the longitudinal relaxation 
time of the nuclei of the solvent. Changes of the 
magnetic field in the transitions a, 3 —b, 4 and 
a, -+ —b, —# take place only as a result of the 
small difference in the values of the g-factors 

of the levels a and b. Therefore, special consid- 
eration is required for the solution of the problem 
as to whether these transitions or the transitions 
in the change in the spin direction play the domi- 
nant role in processes of nuclear relaxation. 

In addition to the Cu‘* ion, the case S=4% 
also applies to the triply-charged titanium ion and 
the quadruply-charged vanadium ion. (solutions 
of vanadium require special consideration because 
the linear molecule V—O and the ion vt have 


completely different systems of energy levels. 
The orders of the orbital levels will be reversed 
in these ions. The width of the resonance line will 
be determined by relaxation transitions between 
the levels e--d and e-—c (the e level is now 
the ground level). It was shown in reference 10 
that 


' 12V3 
Sled ae 7 


C(V2Qs— 5 Q), 


12V3 


Fe (y toys aS ae 


p 
Hee = 


Thence, with the help of (9) we obtain an equation 
similar to (21), namely: 


—8po/kT 
27, 


ee Se ere | 
aie Te va 4+ To Pee (32) 
In solutions containing the ions Tit® and v™, 
the resonance lines will be 1 to 2 orders of mag- 
nitude wider than for Cu for the following 
reasons: (1) the intervals 6gq and dec here are 
less than the interval 6 for Cu**; (2) the splitting 
in a cubic field, and consequently the effective 
charge e’, is larger here than for Cu**; (3) two 
orbital levels are located close to the ground level. 


ZL 
i 
FIG. 2. Splitting of the spin % 
quadruplet of the Cr** ion, 
which is located in the ground ; 
orbital energy level in electric B 
and magnetic fields. 
3 
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4, IONS OF THE IRON GROUP; THE CASE S>#3 


Let us first consider the Crt? ion. The ground 
term of the free ion Cr*® in a cubic field created 
by the six particles X is so split that the lowest 
orbital level is simple. The “crystalline” field 
splits the spin-quadruplet into two doublets, (Fig. 2) 
the interval between which is equal to ~0.1 em}, 
We shall assume that the magnetic field is directed 
along the axis of symmetry of the weak trigonal 
electric field. It is easy to establish that a change 
in the direction of H relative to the axes of sym- 
metry of the paramagnetic complex has little ef- 
fect on the relaxation mechanism that we have con- 
sidered. We shall enumerate the spin levels by 
the value of the paramagnetic quantum number M. 
The matrix element of the perturbation i’ which 
connects the spin levels M and M’, differs from 
zero only in the third approximation, and has the 


form;!° 
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(33) 


where 
— 2 e’ r? 
ahs BAY Sar (Re) ; 


_ 42,324 02 (s (Fe 
2) 175. A2\ R3 R2 


Here § is the spin operator; M, M’ =+', +%. 
Substituting (33) in (9), we obtain for relaxations 
transitions: 


Am, MH >= 4h esQ?n, (S,Sz =f SoS y, M-+1> 


—2/ 2 2) Ae, 2 2\2 (34) 
Am, M42 = 2h (2g + 321) Q*t¢ (Sz ~— Sy), M-+2: 


Here we have assumed that Towyjm’ « 1. Calcu- 
lation of the longitudinal relaxation time is carried 
out by using the expression: 


—— (2S"4- 1) S$ Ain (E:— Ex)? | > (er plesk (ao) 
al I>k 


I>k 


which is valid if E7- Ex « kT for all values of 

l and k. We shall carry out calculations for two 
limiting cases of strong and weak magnetic fields. 
If the field H is strong and the spin levels are 
equidistant, then 


- = (96 Q? /20 kh?) (32 + 25) Te. (36) 


If H=0, then 


1/T, = (36 Q/ 8%) (2) + 23) te. (37) 


Taking. A/A ~ 0.01, and assigning to the remain- 
ing constants in (36) and (37) the values assumed 
in the previous section, we obtain LPT; os 10" — 
10!° sec™!, The line width observed'* in measure- 
ments of paramagnetic resonance in solutions con- 
taining Cr*? has the same order of magnitude and 
falls off slowly with increasing temperature. Equa- 
tions (36) and (37) predict a temperature depend- 
ence for the width of the form 


1/T,~T~ "coth (he / 2kT). (11’) 


It is well known from chemical and optical in- 
vestigations that complexes of the Cr*® ion in 
solutions are very stable. The stability of the 
complex characterizes the value of the binding 
energy in the complex, and consequently the fre- 
quency of the normal vibrations of the complex, 
which in this case® reaches ~ 800 cm~!. It then 
follows that in the temperature range 300° —400°K 
the change in the line width should be given by the 


relation 1/T,; ~ T 1/; 2. which explains the results 
of experiments sufficiently accurately. 

For all ions for which the lowest orbital level 
in the octahedral field is a singlet, we obtain Eqs. 
(36) and (37). The ions Nit and vt? belong to 
this group. For the remaining ions of the iron 
group, with the exception of Mn*? and Fet® con- 
sidered below, we can assume that the width of the 
resonant line will, as for Guns be determined by 
relaxation transitions between different orbital levels. 


5. IONS IN S -STATES 


Crystals of the ions Mn’, Fet?, Gd Eu”, 
and Cm*® make up a special place ameng the para- 
magnets. These ions are in S states, as a conse- 
quence of which the electric field of the crystal 
(acting by means of the very distance perturbation 
terms of the ion) bring about a very small (less 
than 1 em7!) splitting of the ground energy level. 
For this same reason, the spin-lattice relaxation 
time in crystals containing these ions is compara- 
tively long. The behavior of liquid solutions con- 
taining ions in the S states is quite similar. We 
shall carry out a calculation of the longitudinal re- 
laxation for the Mn‘? ion, (ground state ®S). As f 
in the calculations for the relaxation times in crys- 
tals,!® we shall calculate the matrix elements by 
the method equivalent operators; we shall estimate 
the factor qa arising here from the value of the 
fine structure of the spin levels. The matrix ele- 
ments of 3’ that differ from 0 are: 


KH m, M41 = (12 e’par? / Rt) 


 (SSv-SSyawe (Ose eO, wire (38) 
Hm, M+o = (12 e’war? / R4) 
x (Si — Sy) m, m2 (3Qe2 + iQu)/R. (39) 


The value of e’war2/R4 has the order of magni- 
tude of the Stark splitting of the ground state. In 
view of this fact, we replace it by the fine-struc- 
ture constant which for Mn™, in particular, is 
equal to D = 0.025 cm™!.2” We can then represent 
the transition probabilities in the following from: 


36-16 D?Q? 
Am, M+1 >= ae Te (SxSz 1 S28 .)M, M1) (40) 
36-80 D2Q2 2 
Am, M+2 = pe 1% (Sx — Sy), M-+2- (41) 


We compute the relaxation time with the help of 
(35). For strong magnetic fields, 


1 -274-64-36 D2Q? 


Tae 105 WR? 


es (42) 


If H=0, however, then 
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1 26-16-157 D? Q? 
Geary? %, % We RP 


(43) 


A numerical estimate yields T, ~ 107" sec. 

Experiments“ show that thé line width in solu- 
tions of Mn™ at first decreases upon heating and 
then, beginning at temperatures Ty) ~ 350°K, in- 
creases. Equation (11) explains such a change if © 
it is assumed that hwy) © kT) 250 cm™!. 


6. IONS OF THE RARE EARTH ELEMENTS 


Judging from the vibrational structure of the 
optical absorption lines of the rare earth ions, the 
solvate complexes formed in solutions of salts of 
rare earth elements are as stable as those in solu- 
tions of salts of the iron group. In the case of 
aqueous solutions, we can assume that the metallic 
ion is surrounded by six water molecules located 
at the vertices of an octahedron, and that the fun- 
damental component of the electric field has a 
cubic symmetry while the weak component is 
rhombic. Of those ions with an odd number of 
electrons, we consider Ce*?® (ground state aie 2.) 
The diagram of the successive splitting of the 
levels of *F 5/2 in cubic, rhombic, and magnetic 
fields is drawn in Fig. 3; the magnetic sublevels 
are characterized by the following wave functions: 


ba = (V 5_», + B),)/V6, by = (V5, + D_»,)/V6, 
ba =e @_,,,, (44) 
b, = (O,, — V 5D_»,) / V6. 


The width of the resonance line due to transitions 
between the sublevels of the lowest Kramers’ 
doublet is 


Avig = Apg + S) An + Des ih = Ob, Os Cxtol 


20 


v- = D:),, 
gy = (D+), — V5) /V6, 


(45) 


The greatest matrix element of the perturbation 
IC arises in the second approximation upon con- 
sideration of the non-diagonal matrix elements of 
the Zeeman energy of the ion: 


He=*B(H3), Hz(f, a) 
= — Hz(b, g) =— (4V 5/7) BH. 
The matrix elements of X’, which connect the 


different Stark sublevels, differ from zero in the 
first approximation. Some of these are:7! 


H' (fd) =— H' (a, g) = (V5 Ge) FP (Qs + iQ). (46) 


Now we can compute the matrix element 
Hig = Hef, 2) H' (a, g)/(—A) 
+ F' (f, 6) Hz(b, g)/(— A) 
= (40/7) (BA / A) (e’ur? / R°) (Qs + iQo). 


(47) 


FIG, 3. Successive splitting 
of the ground energy level of the 
Ce*® ion under the action of a 
strong cubic field, a weak 
thombic field, and a magnetic 
field. 


g 
In addition to those in (46), matrix elements of the 

following transitions also differ from zero: f—a, 
i—c, i—d, @—b, ¢— ¢c} inaagnitude, these 

are close to (46). Therefore, in the calculation of 

transition probabilities to the upper Stark level we 
multiply the matrix element of (46) by V8. After 

calculation of the transition probabilities in accord 
with Eqs. (9), (46), and (47), we obtain 


800 (BH \2/ eur? \2 = 2 
Arg = 49 hi2 ( A :) ( R® ) Oe “ 
f 


; (48) 
g 


480 LaF OENO ee 2t 
> An =a ( a ) Q*?__—* _ exp (—hays/2hT). (49) 
z c 


Here hw¢; is the mean interval between Stark 
sublevels and has a value of ~100 cm™. Com- 
parison of (48) and (49) shows that transitions to 
the higher Stark levels make the chief contribu- 
tion to the line width. This conclusion obviously ap- 
plies to all ions in which the lower Stark level is 

a Kramers’ doublet and the energy interval up to 
the next sublevel is hwg; ~ kT, i.e., in all rare 
earth ions with an odd number of electrons. An 
estimate of the width Avgg will be most accurate 
if we equate (49) and (21). For Cet’, the reso- 
nance line is one or two orders of magnitude wider 
than for Cu, owing to the smaller value of the 
intervals between the lower Stark sublevels and 

the large number of the sublevels. 

In the case of ions with an even number of elec- 
trons, the Stark sublevels preserve a non-Kramers 
degeneracy. Therefore, the matrix elements of the 
perturbations between the Zeeman sublevels are 
different from zero in first approximation and have 
the order of (46). Moreover, there are the same 
effective relaxation transitions between different 
Stark levels for ions with a different number of 
electrons. Thus, if the number of electrons is 
even, the width of resonance lines ought to be 
larger (all the conditions being equal) than for 
ions with an odd number of electrons. 


CONCLUSION 


Let us consider briefly the effects shown by the 
hyperfine interactions on the intensity of relaxation 
transitions. The simplest spin-Hamiltonian, for an 
ion whose nucleus has a spin I not equal to zero, is 
of the form: 


668 
Gs = 2BHS, + (g — 2) PHS, + ASI. 


The vibrations of particles surrounding a para- 
magnetic ion lead to a change in the quantities 
(g-—2) and A. If the changes are comparable, 
the hyperfine interactions can markedly change 

the probability of relaxation transitions. It is 

easy to represent the width of the individual hyper- 
fine components of the resonance line as 


Av,, = (p+ gz)”. 


Here p* is the width at 1=0, and detailed cal- 
culations are required for each ion separately in 
the determination of the constant q. 

Finally, we note that Eq. (16), which connects 
the probabilities of relaxation transitions in liquid 
solutions and in crystals, is not always valid. In 
liquids, if the interval 6 between the lowest Stark 
sublevels does not exceed approximately 5kT, the 
width of resonance line is determined by relaxa- 
tion transitions between the sublevels. In crystals, 
if the quantity 6/k is greater than the Debye tem- 
perature, relaxation transitions between different 
Stark sublevels are scarcely probable. Equation 
(16) can be used to establish differences in the ori- 
gin of relaxations in crystals and in the liquid solu- 
tions. 

In conclusion, the authors express their sincere 
gratitude to B. M. Kozyrev for criticisms on the 
results obtained. 
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We consider the conditions necessary for finding the matrix of the a +a’ —b+b’ reac- 
tion from experimental data. Invariance under rotation and reflection in space is used to 
find the number of complex scalar functions that define the reaction matrix M. Invari- 
ance of the reaction under time reversal gives relations between the polarization effects 
in the direct and inverse reactions. We find the number of experiments necessary for the 


complete determination of the reaction matrix. 


SOreenerat and Ashkin! have used invariance 
under rotation and reflection in space and under 
time reversal to obtain general expressions for the 
scattering amplitudes of particles with spin 0 and 
s on particles with spin 3. These expressions have 
been used? together with the fact that the S matrix 
is unitary to discuss the problem of how many ex- 
periments are necessary to completely determine 
the scattering amplitudes for these cases. 

In the present note we perform a similar analy- 
sis for the general case of the a+a’ —b+b’ re- 
action. We first construct the amplitude for the 
process, and then find a relation between the direct 
and inverse reaction matrices which follows from 
invariance under time reflection. The two possible 
directions of the reaction are then used as an ex- 
ample to establish the number of experiments nec- 
essary to find the amplitude of the process in gen- 
eral. 

We introduce the complete set of matrices 


7’ (jn, ja) = Ajo» jas J) Dy (jadtaM | jaigt,) Lipmoliama: 
Mg, Mp 
(1) 
Here Xjsm, and Xjpmp re the spin functions of 
the initial and final states, and jg, jp, Mg, and 
mp are the total spins and their z-components. 
The T2™ operators satisfy the condition 
a5 _ . . 
T™ (ios ja) =(—1)"TO™ (iar io). 
From this we obtain 
A’ (jo jas J) V Qie + 1 = (— 1)!8!* V Dia + 1A (jas de» J). 


Let us expand the reaction matrix in terms of the 
complete set of TIM operators. We have 


My, (Mo, Ma) =D) Dipig (My, Ma)iT”" (ior fa)» (2) 


IMialp 


where ng and np are unit vectors in the direc- 
tions of the relative momenta. From invariance 
under rotation we may conclude that the on 
functions are of the form bia 


JM r A* 
Oj, (Ms, Ma) = Dd) Gj dM (My, Na), (3) 
Z 


where ad are arbitrary complex scalar func- 


Ibjad 
tions of the energy and the angle between ng and 
Np, and 
dim (Ny, Nq) (4) 
= Sree rr a Va) 
u,u 


, 


Thus the amplitude is entirely determined by the 
ah . functions. The number of such functions 
ipjad 
can be found from Eqs. (1) to (4). If all the par- 
ticles involved in the reaction have integral spin, 
this number is 
No (41, bos 115 12) (5) 


=1/, (Qi; + 1) (Qin +1) (QL, + 1) (2lo+1) 44/2 (1), 


where i;, ip, ly, and I, are the spins of the par- 
ticles (the minus sign refers to the case in which 
internal parity changes, and the plus sign to the 
case in which there is no change of internal parity). 
In other cases Ny is given by Eq. (5) without the 
last term. 

Invariance of the theory under time reversal 
gives the relation 


kaMi (Ny, Na) = kpT May (— Ma, — n,)T. (6) 


Here T is the time reversal operator, whose ac- 
tion on the simultaneous eigenfunction of the angu- 
lar momentum and its z-component is given by 


Tdim = (— 1) "by, 
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If b j are scalar functions in the expansion of 


A. 
JaJb 
the inverse reaction matrix Mgp(Ng, Np) ina 
form analogous to (2), Eq. (6) gives 

RaQ} 5 = he Oicigt- (7) 
Equation (6) can also be used for a general reac- 
tion to establish the relation between the quantities 
observed in the direct and inverse reactions. As- 
sume the operators piaka: pdaka, 5% 0 HONBICE OM 
the spin variables of particles a, a’,..., re- 
spectively. We then have 
By CTI p "ry =e >) cTie*a pea, 

Ia, Xa% 
(8) 


1! erg ta, 
7% q_% 
x Sp TT"? *Mya (My, Ma) T9*2T 4 2M (my, na) 


and a similar expression for the inverse reaction 
with an interchange of a and b. Condition (6) 
then gives® 


3 ‘4 g. / + 24 , tA : 
R2 Sp TT 0’ M oq (Mp, Mg) T1%2T 24 Mi (My, Ma) 


= (1) batt a teatigbotty p2 op Pama ha 


a 


(9) 


xM ) TIb—b Fy Bs 
ab(— Na, — Mbp) Map (— iy Ny). 


Let us now use two directions of a reaction as 
an example to analyze the conditions necessary to 
determine a reaction matrix from experimental 
data. The number of independent real functions 


entering into Mpa (Np, Mg) (or Map (Ma, Np)) is 
2No (iy, ig, Ly, Ip). The number of functions which 
determine the scattering matrix Mag, (Mag, Ng) 

(or Mpp (Mp; nh)) is reduced, as a result of time 
reversal invariance, from 2N (ix, ig, iy, i,) to 

N (iz, ig) = No (ig, ig, 14, ig) + (2ig + 1)(2ig + 1). 
Therefore the total number of real functions enter- 
ing into the matrix of these reactions is 


N (iy, ig) + NM (Iq, 2) + 2No (aay iss 11, 12). (10) 


It can be shown further that considerations based 
on the fact that the S matrix is unitary further 
reduces by a factor of 2 the number of independent 
functions which must be determined from experi- 
ment. 

The authors thank Ia. A. Smorodinskii for in- 
teresting discussions of the questions considered 
here. 
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It is shown that ‘‘logarithmic’’ cyclotron resonance should take place at Larmor fre- 
quencies near the hyperbolic limiting points of a non-convex Fermi surface. 


In previous papers it was shown that cyclotron 
resonance takes place in metals with an arbitrary 
non-quadratric dispersion law € (pt at Larmor fre- 
quencies that are extremal in Py. 


Qexte = eH /cMext = 2neH /c (OS/Oe)ext 


and at values of 2 at elliptic limiting points.+ 

However, in the investigation of Larmor 
resonant frequencies in the case of non-convex 
Fermi surface, resonance was not observed 
at Larmor frequencies that correspond to 
hyperbolic limiting points. 

It is clear that for certain directions of the 
constant magnetic field H, besides the elliptic 
limiting points (B, B’, C, C’ — see drawing), 
limiting points of the hyperbolic type A and A’ 
(saddle points) are present on a non-convex 
surface. Near these points, the effective mass 
M as a function of py (Ox || H) experiences dis- 
continuities, since m =(1/2 7) 8S/d« is de- 
termined in region 1 (| px| < pi) by the areas S 
(£9, Px) of the cross section of the entire Fermi 
surface, while in region 5, for example, the ef- 
fective mass is determined by the area S (£, Ps) 
only in this same region. Therefore,the Larmor 
frequency Q (p,) ~ 1/m (px) also points to a 
discontinuity of the function at p, =p4, pa’ ; 
which reduces to cyclotron resonance for w 
=q 2 (p4) (q = integer) and In (w/v) >1. The 
present communication is devoted to a clarifi- 
cation of the properties of resonance at the 
hyperbolic limiting points. 

Resonance at hyperbolic limiting points is 
logarithmic and for w > vy [¥% =¥ (p&)], 
‘‘sharpness’’ of the resonance is determined by 
In (w/¥)). If the frequency w and the magnetic 


*We follow the notation of reference 2. 
tAt the limiting point, the velocity of the electrons (normal 
to the Fermi surface) is parallel to the magnetic field H. 
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field H satisfy the condition w =q Q4 (p¥ 10) 
(Q, is determined by the cross-sectional area 
only in region 4) then, with logarithmic accuracy, 
the principal values of the tensor of the surface 
impedance Z are equal to 


pv 
faz (707q\'ls Fn (@/v9) + id] ls 
Zar Vale) cease 
where 
ny nn 
Go = Ko lnmjde|,, 9  Kdln mjd aes (2) 


(Od Seal) ak On ray <05 


N 


ReZa~ (In a ie, Linch, een ay 
Yo \ Yo/ 


liitapres (0) 


a 
Le ~(In oho (2b) 


There are similar formulas for resonance (per 
effective mass) from the other side of the inter- 
section p, =p4' + 0. In this case there remains 
in the expression (2) for aq only the one term (one 
of the principal values of ag is equal to 0; conse- 
quently, the resonance takes place at the chosen 
polarization of the external electromagnetic field 
along the direction of the velocity at the point 
Py = eet OY = Yo € = &o (for details see refer- 
ences 3 and 5). 

Cyclotron resonance at the remaining (extremal) 
Larmor frequencies in the case of a non-convex 
Fermi surface obviously possesses the same pe- 
cularities as for the convex surfaces (see refer- 
ences 1 to 5). 

Calculations confirm the assertions made 
without proof in references 2 and 5 that, for a 
non-convex surface, not all curves Vz = —m7* ix 
dp, /dt =0 on the Fermi surface give a resonance 
contribution, but only those which correspond to 
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a) non-convex Fermi surface e(p) = 4; B, B, C,-Cres 
elliptic limiting points; A, A’ — hyperbolic limiting points 
(saddle points). The regions 1 to 5 correspond to the regions 
of discontinuity of the effective mass m(px) = 1/27 OS(e, Px)/ 
de; b) the intersection of the non-convex surface e(p) = Ls 
with the plane px = const for px < p> (the trajectory of the 
electron in momentum space or the projection of the trajectory 
of the electron in the metal on the zy plane: z>—py, Y > Pz): 


a real minimum in the quantity z = 97! fv,dt = In connection with the effect pointed out here, 
—p,/mQ, i.e., a maximum p,(T) (7/Q is the pe- there are definite possibilities for determining 
riod of rotation of the electron in its orbit). This the structure of the Fermi surface. 

condition guarantees a multiple hit of the electron 

in the skin depth and physically corresponds to 1M. Ia. Azbel’ and E. A. Kaner, J. Exptl. 

a situation in which the highest point of the Theoret. Phys. (U.S.S.R.) 30, 811 (1956), Soviet 
trajectory of the electron in the metal is located Phys. JETP 8, 772 (1956). 

in this layer. The remaining extrema of Py (T) 2M. Ia. Azbel’ and E. A. Kaner, J. Exptl. 

do not lead to resonance, inasmuch as the cor- Theoret. Phys. (U.S.S.R.) 32, 896 (1957), Soviet 
responding points of the trajectory of the electron Phys. JETP 5, 730 (1957). 

in the metal lie outside of the skin layer, where 3k. A. Kaner and M. Ia. Azbel’, J. Exptl. 

the electron undergoes virtually no interactions Theoret. Phys. (U.S.S.R.) 33, 1461 (1957), Soviet 
with the high frequency field. Phys. JETP 6, 1126 (1958). 

Equation (1) for Z, is valid with logarithmic 4. A. Kaner, J. Exptl. Theoret. Phys. 
accuracy, inasmuch as there is no small parameter (U.S.S.R.) 33, 1472 (1957), Soviet Phys. JETP 6, 
close to resonance. If In (w/¥)) ~ 1, Eq. (1) no 1135 (1958). 
longer holds, but it allows us to judge the qualitative °M. Ia. Azbel’ and E. A. Kaner, J. Phys. Chem. 
picture of resonance at hyperbolic limiting points. Solids, 6 (1958). 

Admitting all the difficulties associated with ®Kip, Landenberg, Rosenblum, and Wagoner, 
achieving large values of In (w/¥y)), we point out Phys. Rev. 108, 494 (1957). 


that for very pure specimens even at the present 

time, the values of w/v) ~ 400-600 [In (w/o) 

~ 5-6] have been obtained. For example, for the 

samples of tin investigated in the research of Kip 

and others® at w =27- 24,000 Mcs the value of Translated by R. T. Beyer. 
w/V) was greater than 200. 199 
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The absorption of infrared electromagnetic waves in metals is considered on the basis of 
Landau’s Fermi-liquid theory,! with the quantum properties of the electromagnetic field 


taken into account. 


‘ie present paper is devoted to an investigation 
of the absorption in metals of electromagnetic 
waves in the infrared region of the spectrum from 
the point of view of the Fermi-liquid theory devel- 
oped by Landau.! This problem has already been 
considered by Silin.2* However, in his paper the 
classical transport equation was used to describe 
the Fermi liquid, whereas in the infrared region 
of the spectrum the quantum properties of the 
electromagnetic field (see references 3 to 5) are 
essential for an evaluation of the volume absorp- 
tion (due to the collisions of the electrons with 
one another and with the lattice phonons). 

If the system is in a state close to equilibrium, 
the energy of the quasi-particles is of the form 


e(p,r, 2) = 2 (p) + 8 (p,r, Z) (1) 


where €(%)(p) is the dispersion law of the quasi- 
particles when there is no external field, and 


Se(p, r,t) = | dp’- © (p, p’) f (P's. ). 


In the last formula Of(p, r,t) is the non-equilib- 
rium correction to the distribution function, 


f(p.r, t) = fo(p) + Ff (p,t, 2), 
fo(p) = [1 + exp (22 @=")(™ 


the function @(p, p’) characterizes the interelec- 
tron correlation. 

In correspondence with (1) it is natural to write 
the “electron” Hamiltonian in an external electro- 
magnetic field in the form 


A (1) =A (1) + 6H (1), 


where 
HO= 200) ity +<ACr, i), 


IA(rsh) ==rA (niece? A (nies? o 
Using the calculations performed in references 


*The author is deeply grateful to V. P. Silin for making 
his paper available in advance of publication. 
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3 and 5 we easily obtain a quantum transport equa- 
tion for the system of such electron quasi-particles 
interacting with the lattice vibrations and colliding 
one with another. In the linear approximation this 
equation is of the form 


iwdf + Vv =( of ue 


— eEsv e(0) 


oJ i Aue 
Of 


x a 


(Kes Kes) (Z E-v — be) ° 


st ee (2) 


Here the indices ep and ee denote terms arising 
respectively due to electron-phonon and electron- 
electron collisions; E(r) =—(iw/c)A(r) is the 
electrical field strength. Jep and Jee canbe ob- 
tained from the corresponding classical collision 
operators by substituting for 6(a) (the 6-function 
that describes the conservation of energy during a 
collision) the average? 3[6(a+ hw) +6(a —fw)] 
(we have denoted by a the difference between the 
energies of the colliding particles before and after 
the collision). Furthermore, 


Rep’: (p) = — cl 


X {[S (a + iw) —8 (a— iw)] 
[— (Nz + 1) fo(p) (1 —fo(p + 4) + Vofo(p +4) 
X (1 — fo (p))] -+ [8 (6 + Ra) — 8 (6 — ho) 
— Nofo(p) (1 —fo(p + 4)) 


+ (Ng + 1) fo(p + 4) (1 — fo (p))]}: 
—e(p+q)—Ay,, 6==2(p)—e(p+ 


A 


ae Tak C°\ 44-4 (80 (p + 4) — 8 (0) 


qi <% 


a =e(p) q) + Av, 


For the sake of simplicity we have here assumed 
that the phonons possess a very simple dispersion 
law: hvg =u| q|, where q is the phonon momen- 


tum, u the sound velocity in the metal, qo = k@/u 
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the limiting phonon momentum, © the Debye tem- 
perature, M the mass of an atom in the-lattice, 

A the volume of an elementary cell in the crystal, 
and C a constant of the same order of magnitude 

as the average energy of an electron in the metal. 


Kee 8¢ (p) = — aoe DS \\ Apap, 


X[v(|pP— Pil) —» (| p— pi)? 5p + p’ — pi — Py + 2788) 


iy Ya , 4 t 
x (de + be’ — de, — be! ) ae [d(e +e’ — 2, 


ak he) — 8(e+ ees. ‘—ho)] {fo (P) fo (p’) [ 1—fo(P, )] 
X [1—Fo (p{)]— fo (P, )fo (Pi) [1 — fo (P)] 11 — fo (p’) 


where the summation extends over all reciprocal 
lattice vectors g. 


(|p|) = dreé Perio (|r|), 


(|r|) is the interaction potential of two electrons. 


One can easily verify that in the classical lim- 
iting case (hw/kT — 0) 


Kepde = —JSP8c0f/0e, Kee de = —JS (SP 8edf (de. 


The dependence of the field and the electron 
distribution on the coordinates does not affect the 
volume absorption, i.e., (2) we can drop terms con- 
taining spatial derivatives in Eq. 2, which can then 
be easily solved by successive approximations 
(since the terms on the right hand side of the 
transport equation are small in the infrared re- 
gion of the spectrum ), 


R 0 
5f (p) = 35 (Ev) Is, 


8f) = <5 (Kep +Kee) EV (p) , 


V (p) =v(p) + |e y ? Pp’) ¥ (p’), 


(3) 


where the integration extends over the surface 
€(p) =€9 in momentum space. 
The electrical current density is of the form? 


j=— aap \P-v 0) I () 


= — is| de-vip) [2F (9) — dee]. 


If we substitute the function of the first approxi- 
mation into this equation we are led to the follow- 
ing dielectric-constant tensor,” 


exp = — (Ane*/a%)(N/m)ag, (0, 8 =x, Y), 
where 
2 dS, 
(V/M)ag = ag + Qaz azp /Qzz > aa,= ona \ Ps (0) Ui (p) Ve, (p). 


We have chosen here a Cartesian coordinate sys- 
tem with a z axis directed out of the metal per- 


Ri N.tGURAAT 


pendicularly to its boundary. 
The function of (1D) gives the conduction current, 


which can in a natural way be written in the form 
jr = (219?) (0) + 2692) (0)] Er. 


Let the incoming wave be polarized along one 
of the principal directions of the symmetrical ten- 
sor (N/m) gg. We shall take the x and y axes 
along the principal directions of this tensor. The 
corresponding volume absorption has then the form 


8ra? [ Daz (Faz 


2 
pers Te OF Soa — 2 = ee =F a) cp ? 
azz \azz 


Am = 


where 
d—2 = (4re?/c*) (N/M) x0 


If the metal surface is oriented in such a way that 
all three axes x, y, and z canbe directed along 
principal axes of the aj, tensor then 


Al) = (8ne2/c?) B8oa,. 


The phonon-conductivity tensor of) depends 
in general in rather a complicated fashion on T 
and w. If hw > kT, which is practically always 
satisfied in the near infrared region of the spec- 


trum, we have* 
~ Go 


o(€P) (w) = <\ dqq° coth (7 4.) B ik (4); 
0 
> Li emer Pa 
Bin (q) a (2xh)6 Muh y 


where dQ gq is an element of solid angle in momen- 
tum space. In the low temperature region (T « @) 
it follows from this formula that 


go 
oP) (co) Ae) dq-q?Bir (q) +(5 y 48q9B;, (0) + - 
0 


At high temperatures (T >@®) we have 


Qo 
T ° 
=~ 2q0\ daq*Bix (4) 


(0) 


@2 
of) (oo) 


== “aR aa q*Bin (q) +... 


Taking the correlation between electrons into ac- 
count does therefore in both limiting cases not lead 
to a qualitative change in the temperature depend- 
ence of the conductivity and only influences the 
numerical values of the coefficients of the corre- 
sponding powers of T/O. 

A simple calculation shows (cf. reference 5) 
that 


*Here and henceforth we have assumed that the quantities 
fiw, kT, and k® are small compared to the Fermi energy go. - 
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of (@) = (e/@)? (AT)? + (heo/2z)?] bx , 


where bi, are the constant coefficients 


> \ \ ee dS, dS, dSp, 
g 


o(P) o(P’) 2 (Pi) v (pi) 


4e4x3 
3h (27k)? 


bin ae 


PA Pies Dalia GD =—9 a)? 
x Vi (P) [V (p) + V(p’)+ V (pi) — VP} lk 


(DED = Pi = Pi -b 2g): 


In this way, the absorption due to interelectronic 
collisions changes only in absolute magnitude. How- 
ever, this fact can apparently be observed experi- 
mentally, if we compare the results obtained in the 
near infrared region of the spectrum with the re- 
sults of measurements of the static electrical con- 
ductivity of the metal. In the latter case the meas- 
urements must be performed in the very low tem- 
perature range (T < 10°K) so that collisions with 
the phonons: can be neglected. At such tempera- 
tures the resistivity of even very pure specimens 
is mainly caused by impurities. Using this fact, 
we can easily show that in our case the static 
electrical conductivity is 


orn ~ e2a'0)/v(en) — 02 (AT )2OM / (vlem)?, 


where the quantities a(0) and b$°) are the same 
respectively as ajx and:bj, for V(p) =v(p); 
for the sake of simplicity we have assumed that 
frequency v‘©") of collisions with the impurities 
is isotropic. 

If the interelectronic correlation is essential, 
the quantities a9) and p{?) are, generally speak- 
ing, different from aj, and bj,. The quantities 
ajk and bi, can be determined from measure- 
ments in the near-infrared region of the spectrum 
(1 to 10): ajx from the polarization of the wave, 
reflected from the metal surface, and bj, from 
the frequency dependence of the absorption. 

In the case of an isotropic Fermi surface, we 
can easily show that 


, 


dS 
V(p) =V(p)(1 +4 (P)), (0) = SB ©.) cos x, 


where y is the angle between the vectors p and 
p’. For an isotropic metal accounting for the 
mutual electron correlation thus reduces to mul- 
tiplying the earlier expression for the volume 
absorption by a factor [1 + y(Ppo)]’ 


675 


A= Aj)(1+ 7 (po))?, 
where 


Ag = (28/c) (veP) + ve), 8 = (4nNe2/mc®)—ke, 


vieP) and v(€e) are the respective effective col- 
lision frequencies. According to reference 4 we 
have in the near-infrared region of the spectrum 
5 OF 
veP) (To) = 2yeeP) (9) (+) \ dx-x* coth >, 
0 


where p(ep) T) is the classical high-temperature 
collision frequency (which is proportional to T). 

The interelectronic collision frequency is of 
the form?® 


vee) (To) = ve) (T) [1 + (ho/2nkT)*], 


where y(ee)( T) is the corresponding classical 
collision frequency which is well known to be pro- 
portional to T?. 

As was noted in reference 5, pee) T) #0 only 
when Umklapp processes are possible. This state- 
ment is justified also in the case of an arbitrary 
quadratic dispersion law €(p) = 30j,,pjp,. It is 
of interest that when there are correlations be- 
tween the electrons the absorption is, generally 
speaking, different from zero also when there 
are no Umpklapp processes in the case of an 
anisotropic quadratic dispersion law. Indeed, 
from the fact that v(p) is a linear function of 
the components of the vector p (vj = @j,p;,), 
it does not follow that the vector V(p) must 
possess the same property (see reference 3). 

In conclusion the author expresses his grati- 
tude to M. I. Kaganov and M. Ia. Azbel’ for dis- 
cussions of the results of the present paper. 
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The problem of the depolarization of ut mesons in metals is treated on the assumption that 
mesonium is formed. It is shown that the exchange interaction of the electron in mesonium 
with the electron fluid of the metal decidedly diminishes the depolarization of ne mesons. 
On reasonable assumptions about the dimensions of mesonium in a metal, estimates are 
obtained that are in good agreement with the experimental data. 


‘Tae problem of the depolarization of yt mesons 
in condensed media has taken on importance in 
connection with the discovery of the nonconserva- 
tion of parity in weak interactions.!~? 

As a consequence of the nonconservation of 
parity in the m*—-y*t decay, the w* mesons are 
produced polarized along the direction of their 
motion, and in the two-component theory of the 
neutrino?‘ this polarization is complete. To de- 
termine the polarization of the y* mesons one 
can use the nonconservation of parity in the sub- 
sequent pt —e* decay. 

When integrated over the energy, the angular 
distribution of the decay positrons has the form? 
1+acos 9. Here @ is the angle between the 
momentum of the y* meson and the direction of 
emission of the positron, and a = Pay, where P 
is the polarization of the u* meson and ay de- 
pends on the type of interaction chosen in the 
theory. 

It is possible, however, that during the time 
elapsing from the production of the y* meson 
until its decay there can be appreciable depolari- 
zation owing to the interaction of the is meson 
with the medium. 

The experimental data show that the angular 
anisotropy of the positrons depends strongly on 
the substance in which the 1+ mesons are stopped.® 
In particular, in metals the anisotropy is larger 
than in many other substances. The lifetime of the 
wu’ meson (Ti © 2x 10~* sec) is evidently not long 
enough for any appreciable depolarization to occur 
in metals. 

One of the possible mechanisms for the depo- 
larization of u* mesons is the formation of meso- 
nium — the bound system of a y* meson and an 
electron. 

It is readily verified that owing to the hyperfine 


structure of the ground state of mesonium the for- 
mation of this system (y'+e7) leads, in the ab- 
sence of a surrounding medium, to depolarization 
of the yp* meson by an average factor of two. This 
value of the depolarization is obtained on the as- 
sumption that both directions of the spin of the 
captured electron are equally probable. 

In the case of formation of mesonium in con- 
densed media one must also take into account ir- 
reversible processes of interaction with the me- 
dium. This means that the behavior of the density 
matrix p of the system of the spins of the p* 
meson and electron is described by the Wangsness- 
Bloch equation:®»? 

oo = (Hao) Spal valves (1) 


t 


where the index (b) refers to the medium and 
p(b) is the equilibrium density matrix of the me- 


dium. Here we have: H = (¢/2) alt) ale), with 

€ = 16veu,,/3rj in vacuum, where ro = h?/mge? 
is the Bohr radius; alt), ole) are the Pauli spin 
matrices of the Ve meson and the electron, re- 


spectively; and V is the part of the operator Vv 
for the interaction of mesonium with the medium 
which is diagonal in the energy. (Vuk = 

Vnk [6 (E() ~ E>) 7; E(>) and E>) are en- 
ergy levels of the medium. ) 


The density matrix p can be represented as 
a linear combination of operators: 


P= DoaU Mul, (2) 
u“uR 
UP) = 9B, US = yoy V3; 


U) _ of /V/ 2: ue = af /V 2, 
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normalized by the condition 
Sp(UUz) = Sir 5 


where y(H) x(e) are unit operators. The coeffi- 
cients py; are the average values of the corre- 
sponding operators: 
= (u)I J(e 
Oxk Ul UL)», (3) 
As the medium to be considered we take a metal 
in which all the valence electrons take part in the 
conductivity. In such a metal the centers of the 
crystal lattice do not produce any magnetic fields 
with which the spin of the p* meson could interact, 
and we neglect the direct interaction of the ut me- 
son with the conduction electrons. Therefore in 
our case V is the operator for the interaction of 
the spin of the captured electron with the conduc- 
tion electrons: 
Assuming that the relaxation times of the elec- 
tron spin in the three independent directions are 
the same, we find without eee 


= % Dien Oris = Se 


) 
=. == 5 Ds eaie Oxk » (4) 


es 


0e;, W 
ft = € are ai esp Ml igh errr 
= 2 (Cnt; Por ++ exje Pun) — Py 3 


h/W is the relaxation time of the spin of the cap- 
tured electron in the metal; ej,, is the antisym- 
metric unit tensor. 

The general solution of the system (4) has the 
form: 


Pot = Goz EXP {— Yot} + Doz exp {— (yr — iy) t} 
4+ Bh exp(— (17 + it) b), 


Ojo GioeXP 1 — Yor} jo EXP {— (Yr — iY2) F} 
4 bi exp (tr + i) 8, 


(5) 


jz = Aye Exp {— Yot} + O72 exp (yr — yi) OF 
+b, exp {— (ye + iy 2) t}. 


Using Eqs. (4) and (5) we get the following system 
of algebraic equations: 


— (ot = (s/R)enix aR (W/h) Aoi s 

— (%r — iy :)00r = (8/%) Cxnrz xn — (W/h) Boi » 

— Yoh jo = (2/K) Crcjn Anns (6) 

— ({r — 42) Ojo = (e/h) Cxjn Oxr : 

— YoAjs = (2/h) (Cnci Gon + Cn jz Aro) — (W/h) ayz » 

— (tr — ix) biz = (2/R) (Cnjs Ono + ene; Gon) — (W/h) Bye - 
On the assumption that at the instant of its capture 
the electron is unpolarized and that there is no 
polarization correlation pjj, we have for the ini- 
tial conditions: 
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r 3 (7) 
Ort Og = Ory Oy, 18, te Oa 


Aig + 


where po) is the value of the polarization vector 


pjo of the yt meson at the initial time. 

As will become evident later, in metals W > e. 
Keeping the first few terms of the expansion in the 
small parameter ¢€/W, we readily obtain the re- 


lations 
og = 0 {[1 + 2(g-) leone 
— 2(F-) cos (V2 $2) e-wuitl 
nant f(g) coe V5 )an V2 Edema, 


eu = 288 Cw Jeet — (ap Joos (V2 g ewe 


Thus the relaxation time of the nie meson spin 
turns out to be given by hW/e? > fi/e, and thus 
during times of the order of f/e, which are char- 
acteristic of the hyperfine splitting of mesonium, 
there is no halving of the polarization. Physically 
this means that the strong interaction with the con- 
duction electrons breaks the coupling of the cap- 
tured electron to the spin of the y»* meson, so that 
the depolarization of the y* meson is slowed down.* 

To obtain an estimate of the relaxation time of 
the electron spin in the metal we note the fact that 
the interaction of the electron in the mesonium 
atom with the conduction electrons is mainly an 
exchange interaction. When the mesonium atom 
collides with an electron with its spin opposite to 
that of the electron in the mesonium atom, the 
electrons can change places. Since such exchange 
collisions are due to Coulomb forces they are pre- 
dominant over the magnetic interactions, which are 
relativistic effects. 

For the number of exchange collisions in unit 
time we get: 


Mg ie \ n(£)s(E)(1—n(E)) Ede, . (8) 


where o(E) is the cross section of the exchange 
interaction, which depends on the energy E of 
the conduction electron, and | 


n(E) = (e(E—pkT 4. J) 


is the Fermi distribution. Computing the expres- 

sion (8) under the conditions kT <p, w=E. 

(yu is the chemical potential, and Ey is the Fermi 
limit energy) and with the approximation o(E)) ~ 
r3, we readily find: 


*Similar considerations have been given earlier in a qualita- 


tive form by la. B. Zel’dovich. 
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mE, kT mE, ro : 
-6 (Eo) ce Swe Riles 


V= The 


here h?/mr? = me!/f? is the atomic unit of energy, 
and E, is also of the order of an atomic energy. 
Thus 


W ~AkT = 300°. 


Since € = 16yeu,/3rj ~ 0.1°, W >, as was 
assumed above. 

For the relaxation time of the y* meson spin 
we get; Tre] = hW/2e* ~107' sec), i.et, Trel< 7, - 
With such a ratio of the times some depolarization 
should occur. It must be noted, however, that in 
the calculations the radius of mesonium was taken 
to be the Bohr radius. In actual fact, in condensed 
media it can be somewhat larger. If we note fur- 
ther that the relaxation time of the w* meson spin 
is very sensitive to the value assumed for the 
radius Yo (Tye) ~ EBs since Tyg] ~ e? and e~ 
ro - ), when with reasonable assumptions regard- 
ing the radius of mesonium in metals we can get 
satisfactory agreement with experiment. Verifi- 
cation of the assumed depolarization mechanism 
could be obtained by experiments to determine 
the angular anisotropy of the positrons from 


IAKOVLEVA 


r+ —u*t—e decay at low temperatures. 

The depolarization caused by the formation of 
mesonium in metals should increase with decrease 
of the temperature (since W ~ kT), whereas with 
other depolarization mechanisms the behavior will 
evidently be the opposite of this. 

The writer expresses his deep gratitude to V. 

G. Nosov for directing this work and to S. T. Beliaev 
for suggesting the topic. 
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Reactions of the (n, t) type are examined qualitatively. Two competing processes are dis- 
cussed: (a) the process of “successive stripping” (n-d-t), and (b) the process of simul- 


taneous capture of two nucleons. 


As is known, a characteristic peculiarity of the 
angular distributions in the stripping reactions 
(d,p) and (d,n) and in the pick-up reactions 
(p,d) and (n,d) is the presence of a maximum 
in the region of small angles whose position per- 
mits the determination of the orbital angular mo- 
mentum J of the captured nucleon.! The experi- 
mental data (e.g., references 2 to 4) show that a 
pick-up process may also occur in the reactions 
(n,t), (d,t), (d, @), and similar ones. In this 
connection attempts® ’ were made to give a theo- 
retical foundation for the stripping mechanism in 
a more general form, as an extension of the direct 
interaction process. 

In the present paper we give a qualitative dis- 
cussion of the reactions of the type (n,t), (p, t), 
(n, He*), and (p, He®).* 

We consider the expression for the amplitude 
of the reverse reaction (t,n). In analogy to the 
usual stripping theory,® the amplitude is deter- 
mined by the integral equation 


v=b—GVon + Vos) . (1) 


Here 0 is the index referring to the emitted neu- 
tron, 1, 2 are the indices of the nucleons captured 
by the nucleus, z% is the wave function of the initial 
system (nucleus A + triton), G is the Green’s 
function for the Schrodinger equation of the final 
system (nucleus (A +2) +neutron), and Vij is 
the interaction potential of the two nucleons. In 
Born approximation the 7% on the right hand side 
is changed to 7%. In calculations using the method 
of distorted waves the Schrodinger equation con- 
tains the interaction between the neutron with the 
nucleus (A +2), for example, in the form of the 
optical potential. 

*The reaction (p, t) for Li’ was considered by A. I. Baz’ 
(Paper delivered by A. A. Ogloblin at the Conference on Nu-- 
clear Reactions in Moscow, 1957). 


Generally speaking, two processes contribute 
to the amplitude of the reaction: (a) a transition 
of type (n-d-t) with the formation of a deuteron 
in the intermediary stage, and (b) a direct transi- 
tion (n-t), made possible by the fact that the 
nucleons in the triton, as well as (on account of 
pair interactions ) the nucleons in the nucleus, do 
not have a definite energy, so that the initial and 
final states of the nucleons are not orthogonal. 

In general the angular distributions of the par- 
ticles emitted in processes (a) and (b) may be 
different. We consider these distributions on the 
basis of the shell model of the nucleus. In this 
case the reaction cross section is determined, in 
the Born approximation, by the square of the ma- 
trix element 


al ‘le =o 
1=2(25 ) Git a oh ecco 


(2) 
k;S; \Vou | [ LST; kKnons 


where we assume LS coupling, having in view the 
application of this formula to the lightest nuclei 
with a p Shell.* 

After summing the square of the matrix element 
over the magnetic quantum numbers of the initial 
and final states by the method of Levinson,’ we ob- 
tain the following expression: 


[? = 2n(n—1)(2L, + 1) (251 +1) 
x (20, + 1) (22+ 1) (28% + 1) 
See) (BS yt (1 (lee Ey Sy Pylon hy Sa ade Se 
x Chr (Ti Mr; Mr, 0) Cry, 2/2 — "23. 0 — 4/2) Di, wy (P, L) 
x D}(QK + 1)(— 1) W (Sy Sy Ly Ly, Wy) W (Sz S2 Sy Sy; ®S)) 


A 


Ab aludn lst WL) WV Uns So Saale 
oe = J,g—J, + S + 28;; 


*The qualitative conclusions are the same for jj coupling. 
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wd tJ, +L4+2(8, +8241, + L); 10 
Di,, (2, L) = (2L + 1)4 Dike (0, 1, 2)/ Vor! LMz (1, 2); 
ML 8 
kn (0)>/. (3) 
C and W denote, respectively, the Clebsch-Gordan 6 1 
and Racah coefficients; (Pa, | [Ds tay: ey is the 
parentage coefficient.'?!! The wave functions of 4 
the free particles are normalized to unit amplitude. 
L is the total orbital angular momentum of the two ZL 
nucleons escaping from the nucleus. A non-zero 
contribution to expression (3) comes only from p Ww GOW 120 160 1606 


those values of L which satisfy the condition 
ae ee, 21s eee eee dy eye 


The expression for the differential cross sec- 
tion has the usual form: 
do  M,™;, fy 4 [2 
dQ” 4n®hi4 kh, (2S, + 1) (241 +1) : (4) 


In either process (a) or (b), the angular dis- 
tributions are very similar in form to the some- 
what smeared curves characteristic for the usual 
stripping process.! The difference between the 
processes (a) and (b) is that the value of the 
orbital angular momentum of the captured nucleon 
in the usual stripping theory is replaced by J in 
case (a), and by L incase (b). The interference 
term has, of course, a more complicated form. As 
in the usual stripping theory (for neutrons of en- 
ergy ~15 to 20 Mev), the cross section for the 
transition (b) with L=2 will, other conditions 
being equal, be one order of magnitude smaller 
than the cross section for the transition (b) with 
L=0. 

Figure 1 shows the angular distribution for the 
process (a) with 7=1 (nucleus witha p shell) 
obtained by an approximate treatment of the “suc- 
cessive stripping” (p-d-t). It was assumed that 
the energy of the system is conserved in the in- 
termediate stage. The calculation was made for 
the reaction Li'(p, t) Li® with Ep = 12 Mev, 
since experimental data are available for this 
case.” 

Figure 2 shows the angular distributions for 
the process (b) with L=0 at Ep = 12 and 35 


FIG. 1. Angular distribu- 
8 tion for process (a); reaction 
Li’ (p, t)Li®, Ep = 12 Mev, 
l= 1. Abscissa: angles in 
4 the center-of-mass system; 
ordinate: differential cross 
sections in arbitrary units. 


2 
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FIG. 2. Angular distribution for process (b); reaction Li’ 
(p, t) Li, L = 0. Curve 1) Ep = 12 Mev, curve 2) Ep = 35 Mev. 


Mev. Figure 3 shows the case L=2 at the same 
energies. The angular distributions for process 
(b) are also calculated approximately. In the 
computation, oscillator wave functions were used 
for the nucleons bound in the nucleus. This per- 
mits the use of a representation that separates 
the center-of-mass motion of the two nucleons 
from their relative motion; in the result, the 
integration in the matrix element becomes much 
simpler, as it is extended over the whole range 

of the argument. (This procedure affects the 
angular distribution very little!® ). Furthermore, 
the interaction between the nucleons was assumed 
to have the form of a delta function. The internal 
wave function of the triton was taken from the 
paper of Newns.! In the general case, when sev- 
eral values L contribute to expression (3), and 
when the intermediary deuterons in process (a) 
have sufficient energy, the angular distribution 
will be the sum of several contributions, and its 
analysis will be more difficult. An example for 
this case is the reaction Li’ (Doe) jin where the 
sum over L in formula (3) comprises two values, 
L=0 and L=2, with approximately equal par- 
entage coefficients.!°»!! We do not know the ratio 
of the amplitudes for processes (a) and (b). The 
experimental angular distributions? indicate the 
presence of two peaks: one with a maximum at 0°, 
and another, with half the amplitude, at ~ 55°. It 
may be assumed that the second peak is caused by 


10 Z 7 


FIG. 3. Angular distri- a 
tion for process (b); reaction ¢ 
Li’ (p, t)Li°, L=2. Curve 1) 
Ep= 12 Mev, curve 2) Ep= 35 
Mev. 2 
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either the interference of processes (a) and (b) 
for L=2, or by process (b) with L=2. 

A whole series of cases exists where the situa- 
tion is less complicated, and where the analysis is 
less ambiguous. In particular, we have such a case 
when the sum over L in expression (3) contains 
only one term, as, for example, in the reaction 
iby (ast) He’, where L=0. The experimental 
angular distribution‘ is in qualitative agreement 
with the theory (Figs. 1 and 2). However, in this 
case the angular distributions for processes (a) 
and (b) are similar, which makes their separation 
impossible. A separation may be possible if the 
expression (3) contains only the term L= 2, for 
example (Fig. 3). This may be the case if the 
initial value of J is significantly different from 
the final value, as, for example, in the reactions 
B49 (n, t)Be° and -C*? (n, t) B!? with formation 
of the final nuclei in the ground state. However, 
experimental data for these reactions are missing 
up to now. 

Processes (a) and (b) may also be separated 
in the reactions (n,t), (p,t), etc. for which 
the threshold for deuteron formation Eq is above 
the threshold for triton formation Et. where 
Eqn Et is sufficiently large. It is of interest 
here to compare the angular distributions of the 
tritons for incident particles of energies below 
the threshold E, when only process (b) is pos- 
sible, and for those of energies above the threshold 


Ed, when both processes are possible. If the prob- 


ability of process (a) is comparable with the prob- 


ability of process (b), some changes can be expected 


in the behavior of the excitation curve in the region 
of incident energies corresponding to the threshold 


for process (a). Thus, for the reaction Be? (n, t) is 


the thresholds Et and Ey are respectively equal 
to 11.5 and 16.2 Mev, while the corresponding val- 
ues for the reaction C!(p,t)C!® are 5.8 and 17.9 
Mev. At present, experimental data have only been: 
published for the reaction Be? (n, t) Li’ at incident 
energies between EY and Ete The measured an- 
gular distribution has one maximum at 40°. The in- 
terpretation of this result is not clear, since ex- 
pression (3) should get the largest contribution 
from L=0, 

We can also hope for a separation of the proc- 
esses (a) and (b) if 7 >L. Examples for this may 
be found among the reactions with nuclei with the 


Shell 1f7/,. For example, we can expect that in 
the reaction Ca‘? (p, t) Ca;) (2=3, L=0,1) the 
angular distribution for. the process (b) has a peak 
around 0°, while the maximum of the differential 
cross section for the process (a) will supposedly 
lie in the region of large angles. 

In conclusion, the authors express their grati- 
tude to S. S. Vasil’ev for a discussion of this paper 
and to A. S. Davydov for a discussion of the formu- 
lation of the problem. 
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The problem of symmetries in the angular and energy distributions of secondary particles 
produced in nucleon-nucleus collisions or in collisions of two nuclei is considered on the 

basis of the hydrodynamic theory of multiple production of particles. It is shown that such 
symmetry appears in a certain special system of coordinates which is close to the center- 


of-mass system. 


A hydrodynamic theory of multiple production of 
particles in the collision of two identical particles 
has been developed in a paper by Landau.! In this 
case it is obvious that the angular and energy dis- 
tribution of the particles produced by the collision 
will be symmetrical in the center-of-mass system 
with respect to the plane perpendicular to the direc- 
tion of motion of the colliding particles. In the 
present paper we shall show that in the collision 
of a nucleon with a nucleus the angular and energy 
distributions will also be approximately symmet- 
rical in a certain system of coordinates which is 
close to the center-of-mass system. 

It is convenient to conduct the calculations in 
the reference system in which the colliding par- 
ticles have equal and opposite velocities. Because 
of the strong Lorentz contraction of the nucleon 
and nucleus the disturbance produced in the nu- 
cleus by the nucleon cannot spread far in the trans- 
verse direction during the time of the collision; 
we can therefore assume that the nucleon inter- 
acts only with a tube of nuclear matter lying di- 
rectly in front of it. Also because of the Lorentz 
contraction the motion of the system in the first 
moments after the collision will be in only one 
dimension. In proving the symmetry we need con- 
sider only the one-dimensional stage of the motion 
of the nuclear matter. 

As has been shown by Khalatnikov,? an arbitrary 
one-dimensional motion of a medium in the extreme 
relativistic case is described by a potential y 
which satisfies the equation 

oe a? ) 

eos ae (1) 
where y=In(T/Ty), »=tanh!v, T and v are 
the temperature and speed of the medium, and Ty 
is the initial temperature.* The coordinate x and 


== ((), 


*The speed of light is set equal to unity. 


the time t are expressed in terms of the potential 
x in the following way: 


Soe Ova. Ox ; 
x=e v (5% sinh y— 5% cothy), 


(2) 


Lognen hens 

t==e #(Xcoth y =e sinh 7) (3) 
Thus if the function x(7, y) has been found, 

Eqs. (2) and (3) can be used to find the quantities 
n(x, t) and y(x,t), provided that 


A(n, y)/O(x, t) 0. 


In the present paper we confine ourselves to 
the case in which the ratio n of the length of the 
tube to the dimensions of a nucleon, which is ap- 
proximately the same as the number of nucleons 
in the tube, does not exceed 3.7. In this case 
(see reference 4), after passage of the shock waves 
beyond the boundaries of the system, a flow of the 
matter into empty space begins, in the form of 
running waves of rarefaction. This motion is de- 
scribed by the formulas:? 


4=tV3y, 
(x — x) /({— 4) = (0 £0) / (1 Lae). 


(4) 
(5) 


Here c =37'/ igs the speed of sound; the sign + 
refers to the wave propagated in the positive x 
direction, and the sign — refers to the wave prop- 
agated in the opposite direction. The instant ty 

is that of the start of the efflux of the matter, and 
x, is the coordinate of the edge of the system at 
this instant. We choose the origin of our system 
in such a way that for the wave travelling to the 
right we have x; =t,=0. We denote the corre- 
sponding quantities for the wave going to the left 
by J and ty. As can easily be shown, 1 = 
4(n+1)d, t)=2(n—1)d, where d is the thick- 
ness of the relativistically contracted nucleon. 
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According to Eq. (4) 9(7, y)/9(x, t) =0 in 
the region of the running wave, so that the running 
wave is just that particular solution that is not 
contained in the general solution of Eq. (1). 

After the encounter of the two running waves 
a region comes into existence in which the vari- 
ables 7 and y are independent, and which is 
accordingly described by Eq. (1). At the bounda- 
ries of this region and the running waves the con- 
ditions (4) and (5) must be fulfilled; using Eqs. (2) 
and (3), we get from these the following boundary 
conditions for y: 


%=0for y=V3y, (6) 


X = — le’ sinh 7 + ft, (e¥ cosh y — 1) 
ate (7) 
for 7»=— V3y. 

The solution of (1) with the boundary conditions (6) 
and (7) can be obtained in the most convenient form 
by the following approach. We shall seek the solu- 
tion in the regions »>0O and <0 separately, 
and require that the two solutions agree for n= 0. 
Let us first find the solution for <0. To do this 
we introduce the new variables 
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a=—y, B= y—V3y, 


After this Eq. (1) and the boundary condition (6) 
take the forms: 


u= yey. 


Uxa — QUag +u/3 = 0, (8) 
u=0 for-p = 0. (9) 


We carry out a Laplace transformation on the 
variable 8 and seek the solution in the form 
U=a(p)ek@, The quantity k is found from 
the conditions (8) and (9): 


b= p—Ve= If, 


where we must take the minus sign for the square 
root. Making the inverse Laplace transformation, 
we get the solution in the form 


= pai \exP{— V3 yp +1V ®—")a(p)dp. (10) 


Let us now consider the region 7>0. After the 
replacements 
Up hh 


wu’ =u-+lSinh yetv — t, ey (cosh yey — }), 


the problem reduces to the previous one, so that for n> 0 


yt owe imi (exp {—V3yp —1V p? — 3/2} a, (p) dp —1 sinh e2¥ + toe” (cosh ye¥—1). 


(11) 


The unknown functions a(p) and a;,(p) are found from the conditions that u=u, and du/dn = du,/an 


for »=0. Simple calulations give: 


[ 1 te 1 
oy) 2 (p +2/V 3) VpP— "Hg ale eae Rreruaaak (12) 
wih! 4 cig ares 
BOIS fear oarapaee RE arame oe 
After this, by means of Eqs. (10) and (12) or (11) and (13) we get the solution:* 
re y Vs ey 
pa "B(tat Pye \ er VPA FB) dy + ge \ wh VFB) dy (14) 


niV3 


n1V3 


For the collision of identical particles it is obvious that t)=0, and the solution found here is the same as 


that obtained by Khalatnikov. 


By means of Eqs. (1) to (3) we can easily obtain the expressions for the derivatives of t and x with re- 


spect to y and 7: 


ae ms Oe 
ay =e Oe cosh 7 7, sinh 7), 


Here » = dx/dy — x. The calculation of ap/dy 
and 98%/8n gives: 


oY a Aon (ist 


a (16) 


6) 
Oe ae t) I (2), 


— 


0 
aT Sy cosh ") ’ 


or" oy _ 1 bay 
os OG cosh — 3 a Sinn 1), a 
OT ep hoe A ob ‘ 
yo '\G, Sinh 4 — 3 Gy Cosh”). 
Obp- V3 6) 0 4 ) 
0 V8 v(t Sh Fhe) lols 17) 
Vye—W/3 


For an overwhelming majority of the particles z 


*The solution of the one-dimensional problem for n < 3,7 has also been obtained in somewhat different form in reference 5. 


It is not difficult to reduce the solution there obtained to the form (14), which is convenient for our purposes, 
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is large at the end of the one-dimensional state. 

It we use the first two terms of the asymptotic 
expansion of the Bessel function, Eqs. (16) and (17) 
can be written 


Op VS. © to a LE: 

Oy Bog “a, tle) 8V 3 Spee 
au V3 0 ; 
a sae Ne ir bale) (19) 


where we have introduced the new variables 
ie Niall, eV Ge ge 


For our proof we must expand the right members 
of Eqs. (18) and (19) in Taylor’s series in the dif- 
ferences 1! — 7 = %.- 

The choice of the variable 7’ means that we 
go over into a new coordinate system moving rela- 
tive to the original system with the speed V = 
tanh 1. In fact, 


v= tanh vf = (v+V)/(1 + ov). 


To sufficient accuracy for practical purposes this 
new coordinate system coincides with the center- 
of-mass system (the relative velocity of these 
systems is given by 
Shad 
2n+1 


n—1 
n+14 
since we are considering tubes that are not very 
long, n= 3.7): 

It can be seen from Eqs. (18) and (19) that 
d~/d8y is an even function of 7’ and 98%/dn’ is 
an odd function. From this and Eq. (15) one easily 
obtains the relations x’(-—7’, y) =—x’(7,y), 
t’(-—7', y) =t’(n’, y), from which our assertion 
about the symmetry of the emission of the particles 
in this system follows. The deviation from this 


—tanh7! 


tanh [ |<o.2, 


symmetry in the region described by the solution 
(14) is of the same order asymptotically as the 
third term in the asymptotic expansion of the 
Bessel function, i.e., extremely small at the end 
of the one-dimensional stage. The running waves 
are practically entirely responsible for the dis- 
turbance of the symmetry. This disturbance is 
also small, since in the region of the running 
waves there are very few particles (of the order 
of one**®), It can be seen from Eqs. (18) and (19) 
that if we confine ourselves to the first term of 
the asymptotic expansion of the Bessel function 
the one-dimensional stage will be described by 
the same formulas as in the case of the collision 
of identical particles (i.e., when t)=0). There- 
fore to this accuracy the angular and energy dis- 
tributions of the particles will be the same as in 
the collision of identical particles. 


11, D. Landau, Izv. Akad. Nauk SSSR, Ser. Fiz. 
17, 51 (1953). 

21. L. Rozental’ and D. 8. Chernavskii, Usp. Fiz. 
Nauk 52, 185 (1954). 

31. M. Khalatnikov, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 27, 529 (1954). 

4S. Z. Belen’kii and G. A. Milekhin, J. Exptl. 
Theoret. Phys. (U.S.S.R.) 29, 20 (1955), Soviet 
Phys. JETP 2, 14 (1956). 

5 Amai, Fukuda, Iso, and Mato, Progr. Theoret. 
Phys. 17, 241 (1957). 

6N. M. Gerasimova and D. S. Chernavskii, 
J. Exptl. Theoret. Phys. (U.S.S.R.) 29, 372 (1955), 
Soviet Phys. JETP 2, 344 (1956). 


Translated by W. H. Furry 
203 


SOVIET PHYSICS JETP 


VOLUME 35(8), NUMBER 4 


FN 2 58 Bye AS at) 


ON THE PROPAGATION OF ELECTROMAGNETIC WAVES IN A MEDIUM WITH APPRE- 


CIABLE SPATIAL DISPERSION 


- M. AGRANOVICH and A. A. RUKHADZE 


Submitted to JETP editor May 9, 1958 


J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 982-984 (October, 1958) 


A method for dealing with electromagnetic waves in a medium with spatial dispersion is pre- 
sented which is more detailed than that given by Ginzburg. Expansions are obtained for the 
“direct” and the “inverse” spatial dispersions. 


Ix recent papers by Pekar! and Ginzburg? treat- 
ments have been given of certain effects that ap- 
pear in the propagation of electromagnetic waves 
in media with appreciable spatial dispersion of 
the dielectric constant. In determining the relation 
between the polarization P and the electric field 
intensity E, Pekar has at certain points used a 
microscopic approach. On the other hand, Ginz- 
burg’s treatment was phenomenological. These 
papers differed in many of their essential con- 
clusions. Thus it is of interest to examine once 
more the question of including effects of spatial 
dispersion. 

The microscopic approach is not indispensable 
for the determination of the connection between 
the macroscopic quantities P and E. If we con- 
fine ourselves hereafter to a range of frequencies 
close to one of the resonance frequencies,* a suf- 
ficiently general relation between P and E can 
be established easily. In fact, with accuracy up 
to terms of order (a/A)* inclusive,t the energy 
of the polarized medium, including effects of 
spatial dispersion, has the form: 

re hs aP,, OP, OP, 
H= 3\ [PoP + Bin Pi Ph + Yint De og et 
V 


she \ (ED + HB) dV, (1) 


where Bik, Yikl, @ikIm are components of ten- 
sors characterizing the medium. The tensor 

Yik] corresponds to the optical activity, and van- 
ishes if the substance has a center of inversion. 

If we go over from the quantities P, E, and D 
to their Fourier components, the relation (1) leads 
to the following equations of motion: 


*Just this frequency region is sensitive for the effects of 
spatial dispersion. 

tFor crystals a is of the order of the lattice constant, for 
a plasma it is the Debye screening radius, and so on. 


Xikim Ox), ca V 
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— 0 Pai + Bin Par + Yin 11 gn 


+ 1m 41 Im Pax — (03/48) Dy; = 0, (2) 


where q is the wave vector, and wy = (21/6 yi/2 
is the plasma frequency corresponding to the dis- 
persion electrons. If there are no free charges 
in the medium, Maxwell’s equations give an addi- 
tional relation connecting the quantities Pgi and 


Dgi . 


— ow? Dg +c? q? Dg + 4nc? {q (q-P q)—9°Pq} = (), (3) 


Equations (2) and (3) completely solve the problem 
of the characteristic vibrations of the polarized 
medium. 

For isotropic and, generally speaking, for gyro- 
tropic media B=B, @=a42, y=ye, where e 
is the completely antisymmetric unit tensor of 
the third rank. Then the system of equations (2) 
and (3) takes the following form: 


(B + a9? —w?) Py + ty [Pqxq] + %2q (Pag) — (2/47) Dg = 0, 
4nc® {q (q*Py) —9?Pq} + (C2 q? — ow”) Dg= 0. (4) 
For longitudinal waves Dg = 0, w* = 8 + ag’, 
where a@=a,+ Q,. If we introduce the index of 
refraction n, we find that for longitudinal waves 


(5) 


For the index of refraction of the transverse waves 
the system (4) gives an equation of the second de- 
gree in the variable n?. 

If the medium is inactive, the equation has the 


following form: 


1? = (c? / ae) (o® — 8). 


(6) 


(1 a,a7/c? — o? + B) (mn? — 75, On 0. 
If we set a,=0, then 
n2 = (w? — B) / (wo? — B + w2) =e (0), (7) 


where no is the index of refraction of the medium 
with neglect of spatial dispersion. From the rela- 
tions (5) and (7) it follows that at resonance, where 
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€) > ©, nj #0. This conclusion agrees with 
Ginzburg’s work and contradicts that of Pekar. In 
the general case of an anisotropic medium one 
gets from Eqs. (2) and (3) a complicated equation 
for the determination of n(w): 


2 7,2 
© 


i, n 
| (o? i ee) on — Bian — in =~ Viki St 

8 
n? we ( ) 


2 o? | 
<= oe “ikl Samaria faa z= (0 
| 


(q =nws/c). In particular there follows from 
Eq. (8) the conclusion of Ginzburg, that in cubic 
crystals inclusion of the spatial dispersion leads 
to a weak anisotropy of the index of refraction.* 

If in Eq. (2) we introduce instead of the quanti- 
ties Pq quantities Eq and Dg=Eq+47Pq, we 
get the relation 


(A + 0%) Dy = AEy, (9) 
where 
Ain = ©? 8:n — Bik — tn 94 — “iim Im: 
We introduce two matrices a and 6 (a+b=A): 
Qin = © 8x — Bin, Oe = — 1% 34191 — “nim 11 I m° 


Let us suppose that the coordinate axes coincide 
with the principal axes of the tensor Bix (Bik = 
B;9;;). Then the expansions of the direct and in- 
verse dispersion give as expressions for the quan- 
tities Dg and Eg as power series in the small 
matrix b the following: 


Dy = E, — a [(a ak ) 2 = (a + «@o) 2 b (a + wp) 2 
+ (a + 05) 1b (a + 02) 6(a + we) —. ..) Eq, (10) 
Eg =D, +o, (a? — a batt atbatbat—.. JD, (11) 


The expansion (10) is valid in the range of fre- 
quencies in which |w? — Bj + w%| > |bix|, and 


*This anisotropy is absent in Pekar’s work. 
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the expansion (11) in the range in which 

| w? — B;| > |bix |. From the expansion (10) one 
can determine the “gyration vector” f (cf. refer- 
ence 3). For isotropic media and cubic crystals 
f=fs, where 


f = (w/c) ary / (a? + @ — B)?. 


Since the amount of rotation of the plane of polari- 
zation is proportional to wf, far from resonance 
the relation (12) leads to Chandrasekhar’s empiri- 
cal formula,’ which describes the dispersion of 
the optical activity in certain crystals consisting 
of inactive molecules. For molecular crystals 

of arbitrary symmetry the Chandrasekhar formula 
has been obtained previously by one of the present 
writers.® It is easy to show that the results of 
reference 5 also follow from the treatment that 
has been carried through above. 

In conclusion the writers express their sin- 
cere gratitude to V. L. Ginzburg for valuable dis- 
cussions, which were of very considerable help in 
the carrying out of this work. 


(12) 
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A method of disentangling given by Feynman is used to solve the problem of the way the 
polarization of a particle possessing a magnetic moment changes in an external magnetic 


field. 


Ly the present paper we treat the problem of the 
change of the polarization of a particle possessing 
a magnetic moment under the action of an external 
magnetic field of arbitrary time dependence. The 
solution is obtained by means of a method given by 
Feynman! for disentangling operator expressions 
containing noncommutating operators. This method 
has hitherto not been widely applied. It has been 
used to solve only one problem — that of the har- 
monic oscillator subjected to the action of an arbi- 
trary external force (cf. reference 1, Sec. 5, and 
reference 4). Therefore it is of interest to solve 
other quantum-mechanical problems by the Feyn- 
man method, in order to elucidate the properties 
of this method and the difficulties that arise in 
applying it to concrete problems. One such prob- 
lem, which can be solved completely by the Feyn- 
man method, is considered below. The results 
themselves are not new, and are for the most 

part contained in a paper by Majorana,” where 
they were obtained by a different method. 

Let us consider a particle with magnetic mo- 
ment M=vyhI. Here y is the gyromagnetic ratio 
and I is the spin angular momentum of the par- 
ticle. The transformation of the wave function 
w(t) from the time t to the infinitesimally dif- 
ferent time t + At is accomplished by means of 
the unitary operator 


S(t, t+ At) =1-+ iyH(O1At = exp (ty H (1 AD), 


where H(t) is the external magnetic field. From 
this we get for a finite time interval: 


) (22) =S (te, ty) p (41), 


(1) 
ae 
S (te, fy) = lim I exp (iy H (¢;) EAt,) = exp [ir\ Hered], 


where in this formula t is an ordering parameter 
and indicates the order of action of the infinitesi- 
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mal operators 1+ iyH(t)IAt. Because of the fact — 
that the components of the vector I do not com- 
mute with the exponent in Eq. (1) we cannot pro- 
ceed with the usual rules familiar in analysis. 

We shall try to represent S(t), ty) ina 
“disentangled” form: 


S (ta, t1) = exp (al,) exp (610) exp (cla), 

T= Ce ty) ig 2 
where a, b, c are for the present unknown func- 
tions of the time. 

By means of Eq. (2) one can easily find the 
probability amplitude of a transition from the state 
|jm> atthe time t;, tothe state |jm’> at the 
time t,, since on using for the right-hand ex- 
ponent the series expansion 


we see that when it acts on %jm only a finite num- 
ber of terms of this series remain. Similarly, 

Yim! exp (al, ) reduces to a finite sum, and conse- 
quently the transitionamplitude <jm’|S(t», t,)|jm> 
also contains only a finite number of terms. 

To disentangle the operators ite Tp: Le, we use 
the following artifice: we break up H,l, into a sum 
of two terms: 

HI = x1, + (My — x) I) + Holo + Hala, (3) 
Tes = (+ H.+ iH )/V 2, Hy = Hz 
and apply to the first term the theorem on the dis- 
entangling of an exponential factor proved by Feyn- 
man (cf. reference 1, Sec. 3): 


te 
S (to, ty) = exp a \ x(t’) at'| 
ty 
te 


x exp fey | (Hs — 2) + Holo + Hal adi}, (4) 


1 


ty ty 
, ae , , iE , , , 
I, (t) = exp |= rh \ «(0 ae |teexp| iyi, | «ce ae]. 


ty > ty 
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We set 


te 
a(t) = iy\ x(t’) at’ (5) 

iy 
and determine a(t) in such a way. that the oper- 
ator I, in Eq. (4) may be completely disentangled. 
To do this we first find the explicit form of the 
operators Ij,(t). Let I,(@) = ete A 
differentiating with respect to a, we obtain the 
system of equations 


dl, (a)/dx = 0, dIy(«)/dx = — 1, (a), 

dI_, («)/da = — Jy (a) : 
with the initial conditions I,(0)=1,. The solu- 
tion of these equations is 

I («) = 1,, Ip («) =f) — aly, Py («) 

Sia stay (6) 

In an analogous way we get 
CGC At eas] 6%, Evel 0-0 = Pe: (7) 


Now substituting the operators Iy from Eq. (6) 
into Eq. (4) and equating the coefficient of I, to 
zero, we get the equation for the determination 

of a(t) 


da/dt = iy (Hy + H,a+ 1/,f_,a’), 5) 0). (8) 


Hereafter we shall everywhere set t, =0. 

We now have only to disentagle I) by means 
of a transformation of the type (7), and S(t, 0) 
is then reduced to the form (2), where a(t) is 
determined from Eq. (8) and the determination 
of b(t) and c(t) reduces to quadratures: 


t 
6) =iy\ [Ho (’) +H) ale’ at’. 


; (9) 
c(t) = iy \ H_, (t’) er dt’. 

0 
An essential point is that a, b, c depend on the 
gyromagnetic ratio y, but do not depend on the 
value of the spin j. Therefore the solution is ob- 
tained all at once for particles of arbitrary spin 
with the same value of y. 

Let us consider an example: a constant field, 

and perpendicular to it a uniformly rotating alter- 
nating field 


Hz = Ho, H, = H,cosot, Hy, = H, sin at. (10) 


Such a magnetic field is used in experiments on 
the measurement of the magnetic moments of 
atomic nuclei, and in this connection was first 
considered by Rabi.? Equation (8) takes the form: 


.da _ sin® 


Sala ys (e~#** — 1/,¢/=q2) — a cos 6, 


where 

= wet, @ = —~V Hi + A?, tand = Hy/Ho, d= o/e. 
Solving the equation with the boundary condition 
a(0)=0, we find 


a(t) = 2 (et — e447) /(nyefA—4)* — ny), 
eX) = (my — ny)*e-H*/(nye!0—H)* — 13), 
¢ (2) = 2 (el) — 1) (rye — i), 
uw = cos§+n, sin 6/V 2, 


where ny, ny are the roots of the equation 


(11) 


x2 +-2V 2x (cos 9 — d)/sin§ —2 =0. 


Suppose the particle has spin 3 and that at the 
initial time the z component of the spin is 3. By 
means of Eq. (2) we find that the probability of re- 
versal of the spin during the time t is given by 

P (t) =1o|c(t) ee |? 


*lg>—Ie 


(12) 


q? sin? 0 


: t eee ee 
o represen V1i+@ — 2qc0s 8) 
P= /O.= 1X, 


which agrees with the result of Rabi.’ 

Let us consider another representation of the 
S matrix, which is more convenient for particles 
with larger spin j; we try to represent S(t, 0) 
in the form 


S(t, 0) = exp (ial y) exp (i6f,) exp (iy/2), 


where a, 6, y are real functions of t (the 
reality follows from the unitary character of the 
S matrix; for the representation (2) a, b, ec do 
not have to be real). Carrying out calculations 
analogous to those performed above, we find that 
the disentangling of fx, ly, 1, is possible and 
a, B, y are determined by a system of equations 
of the type of Eq. (8), but more complicated. An 
important fact is that these equations involve only 
the gyromagnetic ratio y, and not the spin j it- 
self. Consequently, a, B, and y do not depend 
on j and can be expressed uniquely in terms of 
the a, b, c determined from Eqs. (8) and (9). 
But each factor in Eq. (18) is the operator for a 
finite rotation around one of the coordinate axes, 
and therefore 


(13) 


(¢, 0) = ox (9, 3; ), ; (14) 


and furthermore the Eulerian angles 9, v, wv 

that define the resultant rotation are uniquely re- 
lated'to a, b, c and do not depend on eae 
express 9, J, ~ interms of a, b c it suffices 
to examine the S matrix for a particle with spin 3 
situated in the same magnetic field. From Eq. (2) 
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we find the form of the S matrix in the system of 
functions |3m>, m=: 


/ 


mae (a/V 2) e—bl2 e—l2 


Sd, 0) es ae (ac/2) e-4l2 (c/Y 2) a — pth) (0, 9), 


(15) 
from which we have 
sin = = (= ena e2fe = See ae ee , e2t = ¢ : 
\ ce (e? — ac/2) “ea ac/2) 


(16) 


For the example (10) discussed above we have 


g sin 0 
2 vV 1+ q?—2q cos 0 


sin( V 1 @ — 2q cos 8) : 
(17) 
The probability of a transition during the time 


t from the state |jm> into the state |jm’>, 
for a particle with spin j, is given by 


Pinsm (t) =|D Pv (9, 9, 9) 22 
=[(i +m)! j= my! J+ my G—m'n cost (FZ) 8) 


tan — |} 


2) 


( 9 \2v—im+im’ iy 
v—m-+ m’)!(j + m—v)! (j— m’ —v)! | 


x| Bay vl ( 
-: i 


If we take here j =%3, m=%, m’ =—4% and sub- 
stitute the value (17), we get the result (12). 

In the general case the polarization state of a 
particle is characterized by a density matrix p. 
Expanding it in terms of the tensor operators 


Tim, we find the way the polarization changes 
with time: 


Oss > orm Tm; Pru (t) = Ser (0) Diy (9, d, ). 


0</ <2] M! (19) 


If the particle has not only a magnetic dipole 
moment but also higher multipole moments, a 
complete disentangling of the S matrix cannot 
be carried through. This is due to the fact that 
for I>1 the commutator [T]m, Tiy’]_ of 
two tensor operators of the same rank I cannot 
be expressed in terms of tensor operators of this 
same rank. It is always possible however, to 
separate out from the S matrix the part corre- 
sponding to the magnetic-dipole part of the Hamil- 
tonian, —y(HI). A meaning can be given to this 
if it is permissible to regard the rest of the Ham- 
iltonian as a perturbation. 

Iam sincerely grateful to I. S. Shapiro for his 
interest in this work and a number of valuable 
suggestions. 


1R, P. Feynman, Phys. Rev. 84, 108 (1951). 

2&. Majorana, Nuovo cimento 9, 43 (1937). 

31, I, Rabi, Phys. Rev. 51, 652 (1937). 

41. Fujiwara, Prog. Theoret. Phys. 7, 433 (1952). 
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The possibility of the existence of nuclei lacking axial symmetry is demonstrated within the 


framework of the generalized model. 


Davypov and Filippov! have assumed that me- 
dium and heavy nuclei may possess axial asymme- 
try and have calculated the energy levels of the 
nucleus and the probabilities of radiative transi- 
tions on the basis of this assumption. However, 
the theoretical possibility of the existence of 
axially-asymmetric nuclei is doubtful, since in 

A. Bohr’s model the equilibrium value for the 
axial asymmetry of nuclei turns out to be equal 

to zero.?* It will be shown below that a consistent 
investigation within the framework of the general- 
ized model leads to the result that in the general 
case the axial asymmetry of nuclei differs from 
zero. 

We consider several nucleons outside a filled 
shell, which move within the field of the core and 
which do not interact with each other. The field 
of the core can be represented by an oscillator 
field which at a certain energy Up) goes over into 
a horizontal straight line (if Up) is significantly 
greater than the energy of the nucleon the horizon- 
tal part of the curve need not be taken into account). 
In the adiabatic approximation we neglect at first 
the kinetic energies of the “slow” collective de- 
grees of freedom that determine the shape of the 
nucleus and evaluate the energies of the “fast” nu- 
cleon degrees of freedom corresponding to arbi- 
trary values of the parameters that describe the 
shape of the nucleus. Therefore all three oscilla- 
tor frequencies must at first be taken as arbitrary. 
Then the energy Enyc of m nucleons is given by: 


m 


| Ea h > (nes -- 
s=1 


f 
/ 


@, + | 


=) 


ee 1 
2/ tage onee (nsteel ou: 


Nys + Nys + hes = 7. (1) 
Since each frequency w ; is inversely proportional? 


to the square of the corresponding semi-axis of the 
ellipsoid Rj we can assume that: 


*Brief indications of the possibility of the existence of 
axially asymmetric nuclei can be found only in unpublished 
numerical calculations of Gursky.* 
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ho 


(c/,)'? = R,/R = 1 + bo0 — by + b2 V 6; 
(co/e09)'t = Ry/R = 1 + Boo — 09 — 2 V 6; 
(c/o3)'2 == R;/R eel bg = Boo + 2b. 

We find by) from the condition that the nuclear 
volume remains constant W,w2W3 = BNE 
const (RR )R3 = R°): bo) ~ b3 + 2b, while the 
parameters a) = 4(7/5)/*b) = 8 cos y and a, = 
4(1/5)'/2b, = B sin y/V2 have for'small f the 
same meaning as in Bohr’s paper;” B is the pa- 
rameter describing the deviation of the nucleus 
from spherical shape, while y is the axial asym- 
metry parameter (in the case of y=n7r/3; n=0, 
F1,... the nucleus is axially symmetric). To 
Enuc we should add the energy of the core which 
depends on by and by: Egore = Cphiw (bj + 2b3)/2 
= 5cnhiwB?/327. We substitute (2) into (1) and keep 
only terms linear in by and be; the quadratic 
terms can be neglected in comparison with Egore, 
since their ratio to Eegore is, evidently, of the 
order of ~m/(A—m) «1 (A is the nuclear mass 
number). In order to find the equilibrium shape of 
the nucleus we shall find the minimum with respect 
to by and by of the energy E = Enuc + Ecore = 
m(n+ %,) fiw + AE; 


AE |e = D) [Mes (by — be V6)/2 + Mys (Oy + b2 V.6)/2 — nesbo] 
(3) 


(2) 


+ Cn (85/2 + 65). 
We then obtain 


jae + p} (Qin eee = Ve DC or 
a Vv [Dire Bal 
i b> (Qn ane anya] }" ” 
1 =tan™ \2 (ftxs — Nys) 


al 
J }-@ 
On substituting (4) into (3) we obtain 


aps [3[ Wee — a] + [3 22—3n— any] } 


aa 


zi 


NCA say 3) 


Ss 
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It is easily seen that for a given principal quan- 
tum number n the lowest value of AE for one 
nucleon, equal to AEmin = —n’fiw/2cy, is given 
in three cases by: 


Ru Ri enact (ace Oe Digi tits == re) 


ihe = iy hp Ny = 0. 


Here y=0 or #7/3, i.e., the nucleus is axially 
symmetric; B = (2/cy)V 7/5 n. 

We can show that B> 0, i.e., that the nucleus 
is elongated, by calculating Rj from (2). Asa 
result of this calculation we find that two of the 
ratios Rj/R are equal to 1—n/2cny, while the 
third ratio is equal to 1+n/cy. The second nu- 
cleon may have the same quantum numbers but for 
the third nucleon only the following values of nx, 
Ny, Nz are possible as a result of Pauli’s exclu- 
sion principle: nx =n-—1, Dy =i 1) 7 = 0 Lor 
Ny = 0, nz =1 (if for the first pair of nucleons 
nx =n) and two similar combinations involving 
Dy Sanding =an—1, if ny =n or nz =n 
for the first pair. At the same time y = 
tan! [¥3/ (6n — 3)](if we measure y from zero) 
i.e., the nucleus turns out to be axially asymmet- 
ric. As further nucleons are added y increases 
(cf. below; here m K (n+1)(n+2) and n>1, 
for n=1, y=0). 


Number of 


nucleons, ™ <2 3 4 4) 6 
(<p Ee ES 
ee Y 6n—3 4n—3 2.5n—3 ips 


We now consider an almost completely filled 
shell. In this case the energy is given by 


oe = Cn41 (05/2 + 82) — >) [Mes (bo— be V'6)/2 


= Nys (Do +5 by V 6)/2 ss WezsOol; 


m is the number of holes. The minimum in AE 


corresponds to 
4 
pie rare » (fxs ap Nys — 2Nzs); 


VS oye): 


Cnty 


As in a previous case the lowest value of AE for 
one hole is obtained for ng=n, or ny =n or 

nz =n, but B= —(2/cny,)V7/5 n (two of the ratios 
R;/R are equal to 1+n/2cy44, while the third is 
equal to 1—n/cyn4,), i.e., the nucleus is flattened. 
The values of y are the same ones as in the first 
case (cf. above). Thus, y reaches its greatest 
values in the middle of the shell. The average 


value of y for a given shell decreases as the shell 
number n increases. 

In Bohr’s paper? the equilibrium value of y was 
zero because the existence of axial symmetry was 
assumed from the outset in the expression for Ep. 

The model in which the shells are filled in suc- 
cession, starting with the first one, reduces to the 
model discussed above, which has several nucleons 
outside a filled shell. Indeed, if we use oscillator 
functions, we can easily show that the energy of 
each filled shell is equal to: 


Exn/h = */3(n + 1) (n+ 2) (10 + 8/2) (@1 + 2 + Os) (5) 


(n+ 1)(n-+2)(n + 4/2) o(1 + 582/64z). 


There are no terms linear in 6 in this expression. 
Thus, the filled shells, just as in the liquid drop 
model, determine only the value of the stiffness 
for the parameter 6. We note that in the shell 
model we can determine the shape of the nucleus 
exactly, without having to restrict ourselves to 
small values of 8. In order to do this it is neces- 
sary only, as was done earlier, to assume that 
levels with different values of n do not cross. 
The energy of a nucleus having m nucleons out- 
side a filled shell is given by: E = Enuc + Ecore; 
Enuc is determined for formula (1) as before; 
Ecore, as is seen from (5), is of the form: 
Ecore/N = Ch (1 + W2 + w3 — 38w). The value of 
ch is smaller than the value given by (5), owing 
to Coulomb repulsion. 

By finding directly the minimum of E with re- 
spect to wy, W,, w3, subject to the condition 
WW W3 = const, we obtain: 


oO; = (2244224287 -°)'); Emin/k = 30 [(122&3)* a BAR 


here eg = >) (Mas + 4/2) + Cn. 

For m=1 or m=2 the lowest value Emin 
is obtained, as before, for nx=h, or hy =n, 
or nz =n; in the case of m=1 two of the fre- 

: faa eat /o 11/3 
quencies are equal to w(n+ch+ 2) /(ch +3)7°, 
while the third is equal to w (ch + 4)*%8An+e,+3)¥7 
and the nucleus is axially symmetric (small values 
of B correspond to mn <cj}). For the third nu- 
cleon ny =n-1 (if for the first pair ng =n) etc. 
In this case 


o,/e a (CP ee) (CA 8/o)l (30 + C+ 4/2)"; 
w,for = (6h, + 9/n) (B40, + fa)" (6, + 8a) 5 
@,/@ =(3%4-¢. = 1/5)'Is (pele Bie)ids (Ct S/o) Is, 


i.e., the nucleus is asymmetric. 
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The model considered by us is too crude and 
simple to permit us on its basis to draw any quan- 
titative conclusions with respect to real nuclei, but 
it is quite sufficient to establish the possibility in 
principle of the existence of axially asymmetric 
nuclei. 

I wish to express my gratitude to A. S. Davydov 
for providing the possibility of studying his paper! 
prior to its publication and for interesting discus- 
sions. 
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The existence of various isotopes in a metal leads to a difference in the zero vibrations, de- 


pending on the different masses of these isotopes. 
non-regular perturbing field which is capable of scattering the conduction electrons. 


This in turn leads to the appearance of a 
Thus, 


even in crystals without physical defects or chemical impurities, a residual electrical re- 


sistance may arise. 


I F several different isotopes are found in the lat- 
tice of a metal, scattering of the conduction elec- 
trons is brought about by deviation of the zero 
vibrations of a given isotope from their average 
value. This effect leads to a finite residual elec- 
trical resistance in the metal at absolute zero, 
under conditions in which the resistance due to 
chemical and physical impurities is absent. In 
other words, in the purification of the metal, its 
residual resistance ought to decrease at first and 
then approach a constant limit. The scattering of 
interest to us is a result of the combined action 
of the following terms in the Hamiltonian, which 
we shall regard as a perturbation: 

(1) The additional kinetic energy of the isotope 
contributes a term to the Hamiltonian (the origin 
of the coordinates coincides with the atom of the 
isotope at its equilibrium position) 


M—M- 
x 4 (0)? 


(1) 
RV noon 
uN 


M is the mass of the isotopic atom, M the aver- 
age mass of the atoms of the metal: 


M= desMs, Ses = 1, 
Ss Ss 


Cg is the concentration of the isotope with mass 
Ms, u(0) the vector of the displacement of the 
isotopic atom from its equilibrium position, and 
j the polarization vector. 

(2)' We express the interaction of the electron 
with the vibrations of the lattice V (considering 
an idealized isotopic model of the metal without 
sound dispersion) in the usual way: 


Vom 


V,) is the energy of atomic order, and s_ the speed 


M—M 
=a > Pia (Qj, 


— at.) (ji+ je) 
Fifeiise at 


a) (a Foie 


(2) 


V (x) = ais ae a; hen a) (3) 


aman 
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The magnitude of this resistance is estimated. 


of sound. Equations (1) and (3) give the scattering 
of the electrons in the third approximation of per- 
turbation theory. Equation (1) contains matrix ele- 
ments of three types: (a) those corresponding to 
phonon scattering (~ ag, af, )s (ob) those corres- 


ponding to the emission of two phonons (~ afi, af, Ye 


and (c) those corresponding to the absorption of 
two phonons (~ ag» ag.) The process of scatter- 


ing under the action of (1) and (3) is therefore ob- 
tained from the summation of three chains of proc- 
esses which are graphically illustrated in the draw- 
ing (the initial and final states of the electron are 
characterized by the momenta py) and p respec- 
tively ). 


Pg 


The matrix element arising under the action of 
the chain (b) has the form 


ES Sih ype ees ea yal 
DN V5 FT aiacae (MM) Gi) 
1 ween 
a [E (Po) — E (Po — fx) — sfi] [— sf — S| 1 — |] J (27H)8 * (4) 
Here hw, =sf; and Rw, = sfy=s|q—f,|, where 


qd =Pp)—p is the change in the momentum of the 
electron. Since only the order of magnitude of the 
effect is of interest, we shall not consider the dif- 
ference in the velocities of longitudinal and trans- 
verse sound. In the case of chain (c) we obtain a 
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matrix element that differs from (4) only in that, 
instead of the expression which appears in the 
curly brackets, we have 


( 1 
lee at (5) 


In the integration of (4) and (5), the first factor 
can pass through zero. It is necessary to get 
around the singularity in a way as corresponds to 
the function 6,(x). In this case, two terms arise 
— an integral in the sense of the principal value, 
and a term containing i6[E(p)) — E(py)—fi) - 
sf,;] in case (4), and id[E(p)) — E(pyp +) - 
s|f,+q|] in case (5). The part containing the 
principal value corresponds to | E(py) — E(po 
f,)| a value on the order of atomic energies, which 
is significantly greater than sf, or s |f;+q|. 
Therefore, the principal value due to the chain (2) 
and (3) is the same in each case. Since the function 
6[E(po) — E(po—f,) — sf,] appears with the fac- 
tor i, it makes a contribution to the imaginary 
part of the transition matrix element. However, 
the sum of the imaginary parts entering from all 
the chains must vanish, since the matrix element 
itself must be real. Electrons are scattered by an 
isotopic atom by the presence of a small perturbing 
field close to the isotope. This field is produced by 
the deviations of the zero-point vibrations of the 
given isotope from their mean amplitude, taking 
into account the fact that the mean of the zero- 
point vibrations is small in comparison with the 
lattice constant a and, moreover, that the differ- 
ence of the zero-point vibrations of the isotope is 
doubly small because of the smallness of (M—M)/M, 
and because the perturbing field acting on the elec- 
tron is very small. The scattering in such a field 
Veff(x) must be described by the Born approxi- 
mation. The scattering matrix element with trans- 
fer of momentum q is expressed by the integral 


\ Vets (x) ef! dx, 


which is a real number, since Veff(x) = Veff(—x). 

Thus there remains in (4) only the principal 
value of the integral, which is the same for the 
chains (b) and (c). The matrix element correspond- 
ing to the chain (a) has the form 


ha, 02 Q df, 


ere ay o 4 M2s2N2 (27h)? 


1 
=F ee Fee ee 
<(ji- 40). (6) 
In the integral here, both factors in the curly 
brackets must vanish; therefore, we have, first, 


TAG 
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an integral in the sense of the principal value, and 
second, two terms proportional to 


Epo) a ED aie )—sfil 
or is[E (po) — E (Po — f,)—s|f,—q]]. 
In accord with what was said above, we shall omit 
these. 

For an estimate of the order of magnitude, we 
can also discard the principal value of the integral 
in chain (a), since the energy differences in the 
curly brackets of (6) correspond to energies of 
atomic magnitudes. One of the differences in (4) 
and (5) was fiw, + fiw, ~ © «K Vo (Vp is of the 
order of several electron volts). We therefore 
have, in order of magnitude, the following matrix 
element (neglecting the chain (a) and assuming 
E = p?/2m, m = effective mass of the electron) 
at q=0: 


3 17293 
HM = —5Ve 


M—M ( 


Pri qi df 
(2nh)3N M2s mL) 


f+ilf—q]| £(p.)—E (Po 


M—M 


a hy ei a (2); 
ork)? NMs 32. ~ \2P0/’ 


fo 29 he) da 2Paue Po ; 
- (355) pubes: f3 ap > (7) 
f) is the maximum momentum of the phonon, py is 
the momentum of the electron on the Fermi surface. 
We assume that 2p) > fp. Substituting (27° V3 t/a 
in (7) in place of f), we find 


Oa (fo. (8) 


8 M’sp,.N 2Po/ ; 
We thus find the total probability of scattering W 
in a medium consisting of s isotopes with concen- 
tration Cg, neglecting the dependence of on q: 


Ww Fe V5 (MM) m? gp, Vor? (Mi? — M2) amt (9) 
647 WM s2h4 dE ~ ~— 64n M*s?h4p, 
a 2 5 2 
MP — M? = yoM3 —(> coMa) 
Ss s 
The corresponding free path 17 is equal to: 
es oa Ps Pips i 
dp W (M? — My" Varad eo 


Frequently, the quantities that enter here can be 
expressed in terms of the electrical conductivity 
o at high temperatures (T > @), which in our 
model is equal to 
3 = 4 (An) hea Ms? /mV3T (11) 
(T in energy units, 
electrons in 1 cm?). 
(11) in (10), we find: 


Ne is the number of conduction 
Substituting m*V3/Ms* from 
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1 We o2T2 
L=36\ir sb . 
(36) M? — M? r2vilas*F2et ’ (12) 
(Ye = nea’), 
Mew 
For ieee s ~ 10 he which corresponds to 


natural tin, we obtain J of the order of several 
millimeters. If we introduce the path brought 
about by the impurities as 


l; = a/e (13) 


(¢€ is the concentration of impurities) then (12) 
corresponds to the following effective concentra- 
tion € : 


4 M2 — M2 ne vil 2q? 52 F? 64 
0~ BOine ap or ° (14) 


For € > €9, the residual resistance is proportional 
to €. For €<€), it no longer depends on e. 

We can improve the estimate of 7 if we intro- 
duce data on the electronic specific heat. 

In conclusion, I express my gratitude to Acade- 
mician L. D. Landau and to Iu. V. Sharvin for dis- 
cussions in connection with this paper. 


Translated by R. T. Beyer 
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A number of effects that depolarize ~ -mesons in hydrogen, deuterium and tritium, are con- 
sidered. Complete depolarization in hydrogen and tritium occurs before the mesic atom is 
slowed down to thermal energies. Depolarization probabilities are given for the case of cap- 
ture of the mesic atom by the K-orbit and in the case of formation of mesic molecules. A 
correction ~yu/M was included in the calculations to allow for the motion of the nuclei. An 
approximate allowance is made for the difference in the hyperfine structure levels. 


‘Tae capture of polarized y” mesons is of interest 
in the investigation of the nature of the interaction 
between yu” mesons and protons. However, the sit- 
uation is made complicated by the fact that the me- 
sons may be depolarized by the medium. In this 
paper this question is investigated for the cases of 
hydrogen, deuterium, and tritium.* 

Partial depolarization of the meson occurs when 
it is captured by the K-orbit of the hydrogen mesic 
atom. A polarized meson with sz, = ve can form 
together with a proton a system having a total spin 
either F=1, or F=0. The component F, takes 
on the values 1 and 0 with equal probability. (In 
an unpolarized medium a polarized meson has equal 
probability of encountering a proton with its spin 
parallel or antiparallel to the z axis.) In the case 
Fz, =0 the meson “forgets” the initial direction of 
its spin (it becomes depolarized). However, the 
state Fz, =1 “remembers” the direction of the 
spin (depolarization does not occur). Thus, 
the probability of depolarization during the forma- 
tion of mesic hydrogen is equal to WE : 

Similar arguments in the case of tritium and 
deuterium lead respectively to the values wp and 
, 

The main effect that depolarizes s~-mesons 
which enter liquid hydrogen is the so-called “charge 
exchange” of the mesic atoms — the transfer of p7 
from the orbit of one atom to the orbit of another 
atom (this was pointed out to us by Zel’dovich). 
The probability of such processes 


(Pi) + P2—> Pi + (Padus (di)u + dg—>dy + (d2)u; 
(t1)u + ta (toe + (1) 
*An estimate of the charge-exchange cross section at ther- 


mal energies of the mesic atom has been made by Gershtein ! 
for the case (p,), + P, > Pi + (P,) ps 


can be computed by the method proposed by Zel’- 
dovich and Sakharov.” 

A system consisting of two identical nuclei and 
a meson can exist either ina symmetric Zp or 
an antisymmetric Zy state* with respect to a 
reversal of sign of the meson coordinates (inver- 
sion). By utilizing the fact that there are no tran- 
sitions between the states Zy and Zp, we regard ; 
any state of our system as a superposition of these 
two noncoherent waves (Zy and 2g form a com- 
plete set of eigenfunctions of the interaction Ham- 
iltonian). 

Consider a mesic atom (p;), incident on a 
proton p,. If we denote the state of the three par- 
ticles in the case when yp” is in the orbit of the 
first (second) proton by ®p, (Bp, ), then 


Ly = (Dp, rae D pe) /; Ve) Xe = (Dor oF Dp) / Vaz. (2) 
For large distances between (Pi), and p, we can 
take the wave function $p, in the form of a con- 
verging wave: 

Yinit = Op = (C7 /1) (Zu + Be) /V 2. (3) 


After scattering, the waves Dy and Xe will 
be shifted in phase by ay and dg respectively: 


Veinat, = (Pt [ro / V2 + (ee 7D, 4/2 (4) 
or alternatively: 
Vrinat = (e/" / 2r)[® py (e + ef) + Opp (e!e — e4)]. (5) 


The square of the absolute value of the coefficient 
of ®@p, determines the probability of charge ex- 
change: 


W =1/,[1 — cos (a, — a)]. (6) 


We now determine ay and dg. They are equal 


*We have in mind the ground states of the system. 
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TABLE I. Phases for the scattering of mesic atoms 


by nuclei 
In state > In state dg 
Energy i ‘ 
Elen. Medium 
c.ms. 
: Hydrogen anes Tritium |Hydrogen Hee te Tritium 
400 —1.890 —2.936 | —3.740 | 2.389 3.182 3.662 
10 —0.646 —1.042 | —1.360 | 3.173 5.104 5.749 
4 —0.211 —0.343 | —0.450 | 3.192 5.888 6.207 
0.5 —0.145 —0.238 | —0.313 | 3.186 6.044 6.248 
0.4 —0.065 —0.106 | —0.140 | 3,160 6.160 6.267 
0.05 —0.047 —0.077 | —0.101 Seoul 6.195 6.276 
0.04 —0.021 —0.034 | —0.045 | 3.147 6.243 6.278 


TABLE II. Cross sections for the scattering of mesic 


atoms by nuclei in 107!? cm 


2 


| In state im | In state Lg 
Energy : 
E(ev), Medium 
Cc.m. s. 
Hydrogen sane Tritium | Hydrogen epee | Tritium 
| 
100 0.466 0.0545 0.242 0.421 
40 1.874 1.925 1.645 2.208 0,447 
4 2.268 2.874 3.26 0.131 3.831 0.0998 
0.5 2.130 2.830 Dyess 0.1834 3.686 0.0424 
0.1 2.178 2.890 3.00 0.156 3.900 0.0423 
0.05 2.250 3.020 3.46 0.242 3.960 0.0176 
0.04 2,280 2.990 3.48 0.151 | 4.160 0.0463 
| 


to twice the scattering phases dy and dg. Indeed, 
the asymptotic expression for the s component of 
the plane incident plus the spherical diverging 

ikz ikr : : ae) 
waves e!%4+1£(6)e!%"/r will be given by: 


e’® sin (kr + 8) 
kr 


tkr 


To find the scattering phases it is more conve- 
nient to solve, instead of the Schrddinger equation, 
the equivalent nonlinear first-order equation, ob- 


tained from the Schréddinger equation 


u” + (kR®?—V)u=0 


(7) 


by the substitution u = exp i) gdr), where® 


g =k cot [kr+y(r)]. 
We thus have 


y' (r) = —aW (r) sin? (Br + y(r)) 


(8) 


together with the boundary condition y(0) =0, 
where a@ = 2me?/kh?, 6 =kay, m is the reduced 
mass of the two heavy particles, ay is the Bohr 


radius of the mesic atom, y(r) is a function that 
approaches the scattering phase 6(k) as r—», 
V(x) is the effective interaction potential between 
the nuclei. We shall denote the latter by V,(r) 
when the three particles are in the 2y state, and 
by V(r) when they are inthe 2g state. Within 
the region of attraction, the potential V,(r) was 
chosen in the form of Morse’s function with pa- 


rameters taken» in agreement with spectroscopic 
data for the molecular ion H3. 

V,(r) is a repulsive potential and V(r) is 
an attractive potential. Both potentials satisfy the 
conditions 

lim 7°V (r) = 0; lim TV (r) = 0; 

r+0Q r—>>co 
imposed on V(r) in Drukarev’s paper:® Since V, 
and V, become infinite at r=0 the boundary con- 
dition was taken in somewhat altered form: y(€) = 
0, where € is avery small quantity. The phases 
are stable with respect to small changes in e. 

Since the ratio u/M of the meson mass to the 
nuclear mass is not negligible, appropriate correc- 
tions must be introduced into the potentials given 
above. The values of such corrections for the 
molecular ion Hy are given by Dalgarno.’ By 
means of a simple recalculation we obtain them 
for the case (Hy, Vi of interest to us. The results 
of numerical calculations carried out by S. Lomnev 
are given in Table I. 

The values of the cross sections for processes 
(1) are given in Table II. 

The scattering cross section in the case of deu- 
terium in the state 2g is considerably larger than 
the cross section in hydrogen and in tritium. This 
is explained by the fact that in the mesic molecular 
ion (d}), there is a level close to 0, which pro- 
duces a resonance. At the same time in the case 
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TABLE III 


Charge exchange cross 


Probability of charge exchange sections, 10719 cm? 
Energy Medium 
E(ev), 7 
hie ah Hydrogen | joes Tritium |Hydrogen cee Tritium 
100 0.824 0.027 0.809 0.426 0.007 0.139 
10 0.393 0.019 0.544 Pa OBY 0.049 0.932 
4 0.067 0.003 0.4133 3.464 OsOnae || e282. 
O25 0.035 0.0012 0.075 Biaenr hd) 0.064 2.5590 
0.4 0.007 0.0003 0.015 3.619 0.067 2.585 
0.05 0.004 0.00013 0.0088 | 3,978 0.066 2.992 
0.04 0.0005 0.00003 0,0016 2.585 0.0776 hoi 


of the repulsive potential we obtain a smooth de- 
pendence of the cross section on the nuclear mas- 
ses, as expected in view of the absence of bound 
states in the case of Zy. 

The probabilities and the cross sections for 
charge exchange are given in Table III. The prob- 
abilities of charge exchange W are given in 
Table III in dimensionless units; the charge ex- 
change cross sections are o = 4nk?W. 

In the case of deuterium the probability of los- 
ing the polarization as a result of one charge ex- 
change is equal to Fe just as in the case of capture 
into the K orbit of the mesic atom. 

It should be noted that during the collision time 
T< 107? see at energies E> 0.01 ev the inter- 
action between the spins does not have time to flip 
them over, and therefore the “forgetting” occurs 
in the interval between transfers. The energy of 
interaction of the « -meson spin with the nuclear 
spin is givenby E~ 0.2 ev. The characteristic 
time of the spin-spin interaction (the time for de- 
polarization in states with Fz =0) is of order h/E 
~ 107 sec. The time which the lt spends in the 
orbit of a mesic atom between successive charge 
exchanges is greater than 1071! sec, as may be 
seen from Table III. From this it follows that in 
the state F=1, F,=0 the uw” has time to be- 
come completely depolarized. 

The phenomenon of charge exchange is possible 
only if the nuclear charge is Z=1, otherwise the 
mesic atom will not be neutral and because of the 
Coulomb barrier the nuclei will be unable to ap- 
proach each other to a distance ~107!! cm at 
which a transfer of the »” meson can occur. For 
this reason one of the effects mentioned by Day 
and Morrison? will not occur. 

So far we have not taken into account the differ- 
ence between the hyperfine structure levels of the 
mesic atom. At energies > 0.2 ev its effect on 
the scattering process can be neglected. At lower 
energies one should introduce into the charge ex- 
change cross section a correction factor v/v; 
where v¢ is the velocity after the collision, while 


vj_ is the velocity before the collision.?»? An exact 
calculation to take into account the energy of the 
hyperfine structure has been carried out by Ger- 
shtein.! 

When the energy of the mesic atom is compa- 
rable with the binding energy of the hydrogen mol- 
ecule, we must take into account the fact that the 
mesic atom is scattered not by free protons but 
by protons bound in the H, molecule. Owing to 
the very small size of the mesic atom in compari- 
son with the hydrogen molecule, this is carried 
out in a manner similar to that in which binding 
is taken into account in the scattering of slow neu- 
trons in hydrogen.*»!° For the case of mesic atoms 
of thermal energy such a calculation has been 
made by Gershtein.!! 

After slowing down, the uw” are captured into 
the orbit of one of the nuclei. The binding energy 
released goes into electron conversion (Auger 
effect) and into the breaking up of the hydrogen 
molecule. The mesic atom formed in this process 
receives a recoil energy on the order of several 
tens of electron volts. 

In each collision of the mesic atom with nuclei 
it will lose on the average half its energy until it 
slows down to thermal velocities. By making use 
of such an outline of the various processes it is 
not difficult to follow the process of depolarization 
of the 4 meson. From Table III it may be seen 
that in hydrogen and in tritium the complete depo- 
larization of the ~~ meson due to charge exchange 
occurs before the mesic atom is slowed down to 
energies of several electron volts. In deuterium 
depolarization due to charge exchange practically 
does not occur at energies above thermal. One 
may hope that because of the level close to zero 
in the mesic molecular ion (df )u the latter will 
be formed prior to the complete depolarization of 
the muon. After the (dy )y ion has been formed 
the process of “forgetting” the spin orientation 
will cease. 

If the deuterium contains a small number of 
tritium nuclei the meson will soon transfer to one 
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of them, and since such a process is irreversible 
further charge exchange processes will not occur. 
Such an effect can also prevent the complete loss 
of polarization.* It would be very interesting to 
check this experimentally. It should also be noted 
that if hydrogen nuclei could be polarized, the de- 
polarization of the p~ due to charge exchange and. 
to the formation of molecules could be avoided. 
However, at the present time this cannot be ac- 
complished. 

Shmushkevich has called attention to the depo- 
larization effect due to the spin-orbit coupling dur- 
ing the successive transitions of the meson between 
the levels of the mesic atom. Results of the ex- 
perimental work carried out by Ignatenko et al.” 
indicate that the depolarization in such a case does 
not exceed 80%. 

We take pleasure in expressing our gratitude to 
Academician Ja. B. Zel’dovich for directing this 
work, to S. S. Gershtein for very useful discussions, 
and also to Prof. Ia. A. Smorodinskii and A. E. Ig- 
natenko for their interest in this work. 

The authors are indebted to S. Lomnev for car- 
rying out the numerical calculations on an elec- 
tronic computer. 


*A similar effect in hydrogen in the presence of a small 
admixture of deuterium does not affect the depolarization, since 
W gepol > W charge exch (pd). 
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A macroscopic theory of the optical properties of conductors is given for the case in which 
the mean free path of the electrons is not small in comparison with the characteristic dis- 
tance for damping of the electromagnetic field. The difference from the usual optics of con- 
ductors comes from the inclusion of the surface current caused by the scattering of the 
electrons at the surface of the specimen. The case considered is that of incidence of radi- 
ation at an arbitrary angle with the surface of a massive conductor. It is shown that the 
effective complex indices of refraction depend on the angle of incidence, and also that the 
indices for different polarizations of the radiation differ from each other by a quantity of 
the order of the ratio of the speed of an electron to the speed of light. 


ieee theory of the optical properties of conductors 
with neglect of the anomalous skin effect is a prob- 
lem of macroscopic electrodynamics. For an iso- 
tropic substance one can use as the constitutive 
equation of the material the relation 


D, = (6) E, (1) 


which connects the amplitude of the electric dis- 
placement with that of the electric field strength 
in the case in which the time dependence has the 
form elt, In Eq. (1) €(w) = €4(w) tie€,(w) is 
the complex dielectric permeability (our D is 
often written D —i(47/w)j). On the other hand, 
it is often necessary to take into account the anom- 
alous character of the skin effect, which is caused 
by the fact that in the optical region the depth of 
penetration of the electromagnetic field into a con- 
ductor is often comparable with, or even much 
smaller than, the mean free path of the electrons. 
Ordinarily the treatment of the optical properties 
of conductors in the region of the anomalous skin 
effect is based on a microscopic theory.!~’ In the 
present note we shall give a macroscopic theory 
of the optics of conductors which is valid for the 
case in which the mean free path of the electrons 
is not small in comparison with the characteristic 
distance for damping of the electromagnetic field. 
For the applicability of the macroscopic de- 
scription it is essentially sufficient that during a 
single period of the field an electron traverses a 
distance much smaller than the skin depth, and 
in the optical region this condition is always ful- 
filled. The distance traversed by an electron 


during one vibration of the field is of the order 
of magnitude v/w, where v is the speed of the 
electrons. Therefore we assume that 


vjo<d~e/Vie(@)jo or v/e<1/Vi[e@]- (2) 


For ordinary metals in the optical region this is 
equivalent to the condition |«(w)|<« 10°. Owing 
to this we can assume that during a period of the 
field a conduction electron is not displaced; there- 
fore the connection of the current and the field is 
a local one, and in particular we can use the rela- 
tion (1). At the surface of the conductor, however, 
owing to the diffuse scattering of the electrons, an 
additional effect arises which produces a surface 
resistance. Since such an effect of scattering at 
the surface is important only for electrons that 
lie within a depth below the surface of the metal 
of the order of magnitude of the distance traversed 
by an electron during one vibration of the field, it 
is clear that because of the smallness of this dis- 
tance in comparison with the skin depth in the op- 
tical region we can assume that the diffuse scat- 
tering at the surface leads to a surface current* 


i= 7(o) {E—n(n E)}. (3) 


Here n is the normal to the surface of the con- 
ductor and y(w) is the surface conductivity, An 
elementary estimate based on the theory of free 


*It follows Onsager’s general principle of the symmetry of 
the kinetic coefficients® that for an anisotropic crystal y is a 
symmetric surface tensor, yi, = Y4j. Furthermore in the case of 
no losses yix is pure imaginary, and losses are due to the real 
part of yix. 
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electrons gives in the optical region y ~ 
(e*ny/m)v(2n/w)*, where Ny is the density of 
the conduction electrons, m is the mass and v 
the speed of an electron, and w is the frequency 
of the alternating field. It is assumed moreover 
that the fraction of the electrons that undergoes 
diffuse scattering at the surface of the conductor 
is not small compared with unity. This value of 
y agrees in order of magnitude with the value 
that can be deduced from the papers devoted to 
the microscopic optics of conductors.!~® 
By means of Maxwell’s equations and the ma- 
terial equations (1) and (3), one can determine 
the complex reflection coefficients. For a plane 
semi-infinite conductor the ratio of the amplitudes 
of the reflected wave (R) and the incident wave 
(A), in the case in which the electric vector is 
perpendicular to the plane of incidence, is given by 
(4) 
_ cos 0— Velo) sin® 6 —4ny fe 008 @— Virb — sin? 
* cos0+Ve(o)—sin®6+4ny/e cos 6+ V ne —sin?6 


Here @ is the angle of incidence (the angle be- 
tween the direction of the wave vector of the inci- 
dent wave and the normal to the surface of the con- 
ductor), and ng(6) is the effective complex index 
of refraction, given by the expression (cf. refer- 
ence 7) 


nz (8) =¢(@) + (8ry /c) Ve (o) — sin?6 + (4ny/c)? (5): 


One takes everywhere the value of the square root 
that has a negative imaginary part. The effective 
index of refraction is introduced in such a way that 
Eq. (4) agrees in form with the usual equation, the 
only difference being that ng is now a function of 
the angle of incidence @. 

For the case of a wave with the electric vector 
lying in the plane of incidence we have the follow- 
ing expression for the ratio of the components of 
the respective amplitudes along the normal to the 
surface of the conductor: 


__ cos 0 [Ve—sin? 6 + 4my /¢ + sin? / Ve— sin? @i|—4i 
uP ~ cos 6[Ve—sin? 6 + 4ny /c+sin?0 / Ve—sin® 6] +1 


cos 6 — Vn — sin? 0 (6) 


2 
ny 

ee SS a aS ee ? 
us cos 6 + Vr — sin? 0 


where Np (@) is defined by the relation 


n (6) =s () + SEY Ye sin? 6 


(7) 


; P in? 0 
(any \? Bry ON : 
ak c ) as c Ve(o)—sin? 0 


From a comparison of the formulas (5) and (7) 
we see that ng(@) and np(@) are the same, and 
we can speak of the existence of a single complex 
index of refraction, only under the condition that 
€(w) > 1, so that we can neglect the last term 
of the right member of Eq. (7), or else under the 
condition that we can neglect y(w). The latter 
condition corresponds to the normal skin effect. 

In the limiting case €(w) > 1 the complex 
indices of refraction are not only equal, but also 
are independent of the angle of incidence. There- 
fore under these conditions the existence of the 
surface current (3) can be taken into account by 
the introduction of the effective dielectric permit- 
tivity 


eft (@) = 2 (@) + (Bry /c) Ve (0) + (4ny/ 0). 


In the short-wave region €(w) is not large in 
comparison with unity, so that in taking the anoma- 
lous skin effect into account in this region it is 
necessary to use different complex indices of re- 
fraction for waves with different polarizations. 
Such an assertion is already made in the paper of 
Collins’ on the microscopic theory of the anoma- 
lous skin effect for oblique incidence of the radia- 
tion on the surface of the metal. Quantitatively, 
however, there is an important difference here. 
Namely, in our treatment it turns out that np and 
ng differ by a quantity ~4my/c, which is of the 
order v/c in the region €(w) ~ 1. In Collins’ 
work, on the other hand, the two indices of refrac- 
tion differ in this region by a quantity of the order 
of unity. This difference is due to the fact that in 
reference 7 the equation div E=0 is assumed 
for the microscopic field, and this is approximately 
legitimate only in the region |e¢| >> 1. 

We write out below the formulas that determine 
the principal angle of incidence © and the princi- 
pal azimuth W; the former is given by the equa- 
tion 


(Re 5)? + (Im=)? = 1, (8) 
and for the latter we have 
cot 2¥ =—Red/imé, (9) 


where 


a= — \Ve sin O 
(10) 

Pe ATC 1. 1} : 

Eo le DAV = ane f 


In the particular case in which we can neglect 
the imaginary part of ¢€(w) and the real part of 
€(w) is negative, we have in place of Eqs. (8) 
and (9): 


702 Wee 
sint 8 — sin? @ cos? 9 + ¢(w) cos? 8 = 0, (8’) 
E ¥ ary" & (w) 
OO ee are e(w)—1 * (9’) 
In this same case we have for the reflection 
coefficients: 
5 16ry cos 0 
Seat SNS Seay ® (11) 


16ry cos 0 sin? 06 — ¢ (a) 


Rp = |p? = 1 c(1—e(o)) sin? @ —cos? 0e(@) ° (12) 


According to Eq. (10) the terms containing 
y(w) can also play a very important part in the 
case in which the imaginary part of €(w) is 
sinall and the real part is positive and close to 
unity. 

We note finally that our formula (6) has been 
obtained under the condition that the inequality 
|€(w)| <1 does not hold. In the opposite case 
it is necessary to consider the excitation of plas- 
ma waves, and to do this the material equations 
(1) must be generalized to include spatial deriva- 
tives of the electric field. 
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A relation is obtained which connects the product of the wave functions of two free relativ- 
istic particles of given masses and spins with the wave function which describes the free 
motion of the system as a whole. This relation is the analogue of the Clebsch-Gordan re- 
lation for the composition of angular momenta. By means of this relation one can obtain 
formulas for relativistic polarization and correlation effects. Lorentz transformations 


are obtained for arbitrary tensor moments.* 


1s In recent years a number of papers (for exam- 
ple references 2 and 3) have given general formu- 
las expressing the cross section, the polarization, 
and other quantities characterizing the scattering 
of spinning particles, in terms of the matrix ele- 
ments of the S matrix. Analogous formulas also 
exist for the correlation effects. The purpose of 
the present paper is to give the relativistic gen- 
eralization of these results to the case of arbitrary 
spins of the colliding (or correlated) particles. 

In the theory of angular momenta a large part 
is played by the Clebsch-Gordan expansion, which 
connects the product of the wave functions of two 
physical systems (with given angular momenta) 
with the wave function relating to the total angular 
momentum of the system as a whole. In dealing 
with collisions of two relativistic particles one 
has also to compound four-momenta and four- 
dimensional angular momenta. We shall show 
that a relation analogous to the Clebsch-Gordan 
expansion can be derived for the simultaneous 
composition of these quantities. For this we re- 
quire the wave functions describing the free mo- 
tion of relativistic particles, and the Lorentz 
transformation of these functions. 

2. A nonrelativistic particle of mass xk and 
spin i is described by a wave function 


Yin; (P); 
in which the arguments are the momentum p 
(— © < py, Po,.P3 < ©) and the spin component mj 
(mj; =—-i, -it+1,...i). Besides its mass and 
spin, the particle can possess other invariant 
characteristics (for example charge), which we 


(1) 


*The formula for the relativistic polarization effects has 
also been obtained independently by Chou Kuang Chao and 
M. I. Shirokov at the Joint Institute for Nuclear Research. 
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shall identify by the index a. On going over to 
the relativistic case we first have the question 

of what variables must serve as the arguments 

of the wave function of the particle. A unique 
answer (apart from the possibility of a similarity 
transformation) to this question is found in the 
theory of the representations of the inhomogeneous 
Lorentz group: the free motion of a particle of 
mass xk and spin i is described by a wave func- 
tion (1) that depends on the same kinematic vari- 
ables p, mj as in the nonrelativistic case. The 
transformations for space and time displacements 
and for spatial and Lorentz rotations are given by 
the infinitesimal transformations with the respec- 
tive operators p, py, M, N. For the wave function 
(1), according to references 4 and 5, these opera- 
tors have the forms 


P=P,  Po=ep=VPP +e (2) 
M=i[p3-|+i. N= iVlep a V ep re , (3) 

where 
Wdtol Salley 6 a ee eer (eter (4) 


Square brackets denote the vector product, and 
square brackets with minus sign as subscript de- 
note the commutator. The slight difference be- 
tween the forms of the operator N in Eq. (3) and 
in Eq. (11) of reference 5 comes from the fact that 
the corresponding wave functions differ by a factor 
el 2 In the present paper the wave functions 


dnd; (p) are so chosen that the invariant normali- 
zation integral has the form 
Di \ 4% 


Mz 


The operators defined in Eqs. (2) and (3) satisfy 


1,"%2 


Qin (P) Yin, (P)- 
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the well known commutation relations, which secure matrix ajj one can determine the matrix Dmjmj 


relativistic invariance,® and this proves the cor- 
rectness of the choice of the wave functions (1). 
The uniqueness and completeness of the treatment 
is assured by the fact that the operators (2) and (38), 
taken for 0 <x < and for all integral and half- 
integral non-negative i, exhaust all the possible 
irreducible representations of the Lorentz group 
that are suitable for the description of free par- 
ticles’ (expect particles with zero rest mass, 
which require some special consideration). 

8. Let us construct for the wave function (1) 
the operator of a finite Lorentz transformation to 
a system moving with the four-velocity uy = 
(u, iuy) relative to the initial system. This trans- 
formation has the form: 


x= x eae ed’, 
bike gt. (5) 


To the transformation (5) there will correspond a 
transformation U of the wave function, 


b=U(u)¥. (6) 


The explicit form of the transformation (6) is 
uniquely determined by the relations (2), (3) and 
can be found, for example, by the method indicated 
in reference 8, which gives 


$m, (P) = \\ aps {p! — p'(P)) Veo" / epDingm (Ps 4) $n, (P’) 


= V ep | pDinzm, (Pett) Pin, {p’ (p)}, (7) 
where 
Dex u (up) 
p’(p) =p +=") — ue, (8) 


is the transformation for the four-momentum, in- 
verse to the transformation (5), and Dinjm! (p, u) 
is the matrix of the three-dimensional rotation 
for the spin. (We remark that the indices mjmj 
of this D! are transposed as compared with the 
corresponding indices in reference 9). This ro- 
tation can be specified by an orthogonal matrix 
ajj Which defines a rotation for an arbitrary 
three-vector bj: 


Oy = az;;; 


the matrix ajj turns out to be given by 


aii o7; a ee tt ; 
Cy + % (€ pu) — pu + x) e pllg — Pu +-% (9) 
" pjlt; (— eptlo + 2up — ux — e, — x) uz; (@, — x) 


(Cp + *)(Cplo — pu + %)(uy + 1) (Up + 1)(ep4o— pu + *) 


It is obvious that the rotation is around the axis 
perpendicular to the vectors p, u. From the 


for an arbitrary spin by the well-known relation 
the = Ajr (D‘)* inD’. (10) 
For spin 5 the matrix p¥v2 has been determined 
in reference 8 and is given by 
te (2p + %) (uo + 1) — (ues) (P+). 
V2 + 1) Cp + (Heep — UP + %) 


(11) 


For spin 1 the matrix D! differs from ajj only 
by the similarity transformation W: 


leh 2- i ey em 

v= 0 0 1 (12) 
aL IV 2 eV 20 

Di = WaW-. (13) 


For higher spins (for example a) it is conve- 
nient to calculate the matrix D1 not from the re- 
lation (10) but from the matrices DJ for lower 
spins: 

>) (mum, | il Jm’) Die 
Jmy 


} (14) 
= s Digan gad (ilm’;m’,| ilJmy), 
sa 


or 


where (ilmjmy|ilJmj) are the vector-composi- 
tion coefficients. f 

The above-described matrix D! for the rota- 
tion of the spin in a Lorentz transformation is a 
purely relativistic effect (Thomas precession ) 
without any nonrelativistic analogue. 

4. The Lorentz transformation (7) for the wave 
function (1), as developed in the preceding section, 
provides a possibility for obtaining the basic for- 
mula of the present paper, the transformation from 
the wave functions of two free particles to the wave 
function of the system as a whole. 

The wave function describing a system of two 
particles with masses xk, and xk, and spins i 
and I has the form 


One (Pi, Pe). (15) 


The wave function ® of the system as a whole 
must depend on the total mass xk, the total intrin- 
sic angular momentum J, the component of the 
total intrinsic angular momentum, mj, and the 
total momentum K; these quantities are defined 
by the relations: 


K = Pi == Po, “2 — (ep, ate Ep)? — K?, (16) 
=VeP +e, Ep=Vp +x, (17) 
J=M+My, PO=S(U+1)0. (18) 


The relations (18) are prescribed in the center-of- 
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mass system (c.m.s.), in which p, + py = 0. 

The six variables x, K, J, m j are not, how- 
ever, sufficient for the description of the system 
(15), since the wave function (15) depends on the 
eight variables p,, Do, mj, my. The two missing 
variables can of course be chosen to be invariants. 
For these two variables it is convenient to choose 
the orbital angular momentum / and the sum of 


spins s, taken in the c.m.s. 
J=l1+5s, (19) 
l=1,+1, POR S21) ©, (20) 
s=i+l, s°® = s(s+1)®. (21) 


All the quantities in Eqs. (19) to (21) are also 
taken in the c.m.s. We now have everything re- 
quired to obtain the transition from the tNes etiele 
function Ymjmy (Pi P,) to the function oid 3 (K) 


describing the system as a whole. This dsaaratt 
will consist of the following transformations: By 
means of the respective transformations Di, pl 
defined in Eqs. (9) and (10) one translates the two 
spins into the c.m.s.; one then has further to go 
over from the momenta p;, Pp», to the total mo- 
mentum K and the half-difference of momenta 

p inthe c.m.s. Since in this system the momenta 
of the particles are equal in magnitude and oppo- 
site in direction, the momentum p is equal to the 
momentum of the first particle transformed to the 
c.m.s. by means of Eq. (8): 


K(K: Pi)— Is 


2 
ena Py Se 


Peer 


where the quantities K, Cp,» K are determined 
in accordance with Eqs. (16) and (17). The matrix 
of this transformation is 


<Pilp> = Ven, / ep (23) 
in consequence of the well known relation 
dp, / ep, = Gp / ep = inv. (24) 


If we write the momentum p in spherical coordi- 
nates p, 3, @, then the angular variables will 
describe the relative orbital motion and will be 
related to the angular momentum / defined in 
Eq. (20) and its component mj, 


a Yim; (39), 


while the absolute value p can be related to the 
total mass kK: 


(Se | lmz) (25) 


x= p+ Ep. (26) 
From Eq. (26) it follows that 
(27) 


p'dp = dx pepEp/ (ep + Ep), 
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so that 
Ep 
(p | xm) = ae ‘ a 


Now the spins i, I and the orbital angular momen- 
tum / have been transformed to the c.m.s. We 
must compound these three angular momenta ac- 
cording to the relation 


J=(i+1)+1 


by means of the proper Clebsch-Gordan coeffi- 
cients. On combining the transformations calcu- 
lated above, we can write the desired relation for 
the transition from y to @®: 


mm (Prr P2) = S) Ding nf (Pry K) Dinymy (2K) Yq, (94 9) 
x (iLmimy | isms) ({smums | IsJmy) 
xX V pep E pl] €p-tEp) Om, (K) 
== (piper, | V (xi) | xJls K my) pire (K). (30) 


Yim, (9). (28) 


(29) 


The summation is taken over the indices mj, mf, 
mj, Mg, mg, J, s, J. The law of conservation 
of the four-momentum is taken into account by the 
relations (16) and (20). Mathematically the rela- 
tion (30) is the expansion of the direct product of 
two irreducible representations of class pie 

(cf. reference 5) of the inhomogeneous Lorentz 
group in terms of irreducible representations. It 
is entirely analogous to the Clebsch-Gordan ex- 
pansion for the three-dimensional rotation group. 
By means of the expansion (30) the angular distri- 
butions for arbitrary polarization and correlation 
effects can be expressed in terms of the S matrix 
parametrized in an invariant way. 

5. As an example let us consider the case in 
which a particle of mass x, and spin i is incident 
on a particle of mass xk, and spin I, and the re- 
sult is the emergence of particles with masses 
Kj, Ky and spins i’, I’. It is obvious that the wave 
function se Di, Pp) of the initial state will be 
related to the wave function x,} Hee ey (pj, P3) of 
the final state in the following bias 


Elie (Pp, P,) = (pi° pif, 


ie 


smn, |V (x,,i'1') | xls! K m,) 


x (a'L's'x)2e6i’1" | S (xd) { alsxyx9i/) 


HK a 
LE 


(xJls K m, | Vt (%:%2t/) | pyparmitny) (PiP2), (31) 


where a, @ are indices for the channels, 
(RS Wales ) is the matrix inverse to the 
corresponding matrix in Eq. (30), and 
(a’l’s’k{Khi'l’ | S(xKJ) | alskykgil) is the S matrix 
in invariant form. In virtue of the conservation 
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laws the S matrix does not depend on K, mg 

and is diagonal in the total mass «x and the total 
intrinsic angular momentum J. In practice it is 
of course more convenient to consider instead of 
the variable x the energy of the incident particle, 
and this changes the normalization factor. The 
formula (28) differs in the following essential ways 
from the corresponding nonrelativistic expression: 
firstly, in the transformations V, v7! the mo- 
menta are changed according to the relativistic 
relation (22), which is different from the nonrela- 
tivistic relation 


= Pi — (K/*) x 


and secondly, the transformation V contains the 
matrices Di, D! of the relativistic spin rotations. 
Finally, in Eq. (31) all the energy dependences are 
expressed in terms of masses. 

According to Eq. (9) the rotation pi (or pl) 
becomes a unit matrix if the three-momentum of 
the particle is parallel to the three-momentum of 
the system as a whole. Therefore, in particular, 
the rotations D1, D! are absent from the matrix 
v-! in Eq. (31) if in the initial state one of the 
particles is at rest, or if the momenta of the two 
particles are parallel. 

Let us now go over from the wave function 


(nonrel.) (32) 


ae (Pi, Pg) to the corresponding density matrix 
Koil : ye 
(m{mf | pk ike} (Py, Pp) |mjmy). For simplicity we 


give the further developments in symbolic form, 
without writing out the indices of the matrices. 
The relation (31) thus takes the form 


x = VSV78. 


Corresponding to this the relation between the den- 
sity matrices p of the incident wave and pgc of 
the scattered wave is written in the form 


o,, = V(S—1)V4pV (St — 1) V3. 


(33) 


(34) 


As is well known,’ the relation (34) contains a com- 
plete description of the scattering of polarized par- 
ticles. For example, the angular distribution, with 
a suitable normalization, is given by 


ds] dQ = Sp p,, = Sp {V (S — I) VV (S* — I) V3. (35) 
The polarization P is given by 
P = Sp {ip,.} /iSpo,.. (36) 


It can be seen from (34) that the relativistic 
effect of rotation of the spin does not appear in 
the scattering of unpolarized particles. In fact, 
in this case the matrix p of the initial state is a 
unit matrix with respect to the spin indices, so 
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that the matrices D and D7! acting on it from 
the left and the right cancel each other, and the 
matrices D and D™ occurring in the V and 
v~! at the beginning and end of the product in 

Eq. (35) cancel, because the trace is not affected 
by cyclic permutation of the factors. Nor does 
the use of a polarized target lead to the appear- 
ance of the relativistic effect, since the matrix 

p! is unity for a particle at rest in the laboratory 
system. The relativistic spin effects can influ- 
ence the cross section only in multiple scattering, 
for which the spin state obtained in the c.m.s. of 
the incident particle and the scatterer has to be 
transformed to the c.m.s. of the scattered par- 
ticle and the next scatterer. Only in this case is 
the momentum of the particle not parallel to the 
relative velocity of the reference system, so that 
the corresponding spin rotation matrix D! can be 
different from unity. We emphasize that all the 
above considerations relate to effects connected 
with the spin rotation. 

The relativistic effects connected with the 
transformation of the momenta (forward bias of 
the cross section) occur in any scattering at suf- 
ficiently high energy. 

6. For the study of the effect of the relativistic 
corrections on the polarization effects it is helpful 
to obtain a general formula for the transformation 
of the density matrix (i.e., the cross-section and 
all the tensor moments) in the passage from one 
Lorentz frame to another. The density matrix 
Pinyms (p) for the scattered particle transforms 
like the outer product of a wave function by its con- 
jugate, taken for the same value of the momentum: 


Pm P)~(— 1)" Fe, (P) 9%) (gy 


The factor C= tye Mi and the minus sign on the 
mj in ye (p) are introduced so that the spin 
matrices can act on Pmjmj from the left not only 
for the index mj but also for the index mj. From 
this we can get the transformation for Pmjm}j 
from the known transformations (2) and (3) for 
Ym; and Ym}. 

By simple calculations one can show that the 
operators of infinitesimal transformations given 
by Eq. (37) for the function p have the forms 


p=9, Po = 9, (38) 

M=—ilpx5-|+i+i (39) 
apa 

N = iV ep 5, V ep — aoe (40) 


i’ denotes a spin operator composed of the same 
matrices as i, but acting on the variable m:. 
From the relation (40) it follows that the density 
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matrix behaves under Lorentz transformations 
like the wave function of a particle with the spin 
i+i. Therefore a finite Lorentz transformation 


for the matrix Pmjmj(P) is given by a formula 
analogous to Eq. (7): 


o(p) = DD’ Ven /epp' (p’). (41) 


In particular, a rotation of the polarization vector 
P is determined by the matrix ajj of Eq. (9) and 
is given by 

—_ p____ P(p P’) (uw —1) u 
iat (Cp + *)(2 p4o— pu + ) a Epp — 
u (ueP’) (e, — x) 


(Uo + 1) (€ pty — pu + x) 


(42) 
p (u-P’) (— en) + 2up — ux —e,, —x) 


(Cp 1 *)(C plo — pu + x)(uy + 1) 


We note that it is clear from Eq. (42) that the 
relativistic effects manifest themselves not only 
in single scattering but also in double scattering 
from unpolarized targets, since the polarization 
appearing after the first scattering is perpendicu- 
lar to the plane of the scattering and consequently 
is not changed by the rotation (42). For the spin 
us this result was obtained in reference 10. 

7. The exposition of the formal theory of scat- 
tering usually begins with the step of representing 
the wave function as a superposition of incident 
and scattered waves, elKZ + eikre(9)/r. 

In the relativistic case, however, it is scarcely 
worthwhile to use this method, since in the coor- 
dinate representation the wave functions for a 
particle with spin as a rule have redundant com- 
ponents, which complicate the treatment, espe- 
cially for higher spins. Furthermore a separate 
treatment has to be carried through for each value 
of the spin. The case of spin ¥, has been treated 
in this way in reference 10. It must also be noted 
that the question of coordinates in relativistic 
quantum theory is not a simple one.!! 

The impression may arise that the discussion 
that has been given has not been formulated in a 
relativistically invariant way. This is untrue, 
however. The point is that four-dimensional ten- 
sors and spinors do not exhaust the possibilities 
for covariant physical quantities. Moreover, 
relativistic tensors and spinors transforming by 
nonunitary representations of the Lorentz group 
are, strictly speaking, in general not very suitable 
for the wave functions of relativistic quantum sys- 
tems, since their norms are not definite. On the 
other hand, there exist unitary representations of 
the inhomogeneous Lorentz group, whose wave 
functions have positive definite norms. The func- 
tions (1), transforming according to Eqs. (2) and 
(3), are just such functions. These wave functions 
are just as covariant as tensors, and the part of 
the tensor indices is played by the set of variables 


Pp, mj. An essential point is that these functions 
are covariant only with respect to the set of spin 
and momentum variables, and not with respect to 
each of them separately. 

The density matrix (37) is also a covariant 
quantity. According to Eq. (38) displacement 
transformations are unit operators for this ma- 
trix, since it-transforms by a unitary representa- 
tion of the homogeneous Lorentz group. A point 
of interest is the expansion of this representation 
in terms of irreducible representations, which 
will give a relativistically invariant classification 
of the possible angular distributions for particles 
with spin in an arbitrary reference system. 

Finally, we shall make one further remark con- 
cerning the invariance of the parametrization of 
the S matrix in Eq. (31). The quantity 


(+02, ee! 
defined in an arbitrary coordinate system, is of 


course not an invariant. One finds, however, by 
direct verification that the quantity 


{(D‘) 2 iDé + (D4 ID1}? = s(s + 1) (44) 


is an invariant, and in the rest system the expres- 
sion (44) is the same as (43). In a similar way one 
can give an invariant definition of the intrinsic or- 
bital angular momentum l. 

In conclusion I would like to thank Chou Kuang 
Chao and M. I. Shirokov for a helpful discussion 
and for information about their results. 
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The potential for the radiation field of a single relativistic electron moving in a circle and 
simultaneously executing small phase oscillations is considered. A general expression for 
the radiation generated by a bunch is obtained using the potential for a single phase-modu- 
lated electron and a distribution function for the particles in the bunch. The expression ap- 
plies at low harmonics, in which case the radiation is coherent. 


ELecrrons in high-energy synchrotrons radiate 
over a wide frequency spectrum: this spectrum ex- 
tends from the radio-frequency region, correspond- 
ing to wave lengths of the order of the orbital radius, 
to the ultraviolet or x-ray region. 

In the region in which the wave lengths are much 
larger than the characteristic distance between the 
electrons in a bunch the radiation is partially coher- 
ent. The total intensity of the radiation in a given 
narrow portion of the spectrum is not proportional 
to the number of accelerated electrons N and is 
a strong function of the dimensions of the electron 
bunch and the nature of the particle distribution in 
a bunch. 

The long dimension of a bunch (orbital direction ) 
is determined by the phase oscillations. The trans- 
verse dimension, which is characteristic of the 
betatron oscillations, is small, being of the order 
of a millimeter in high-energy accelerators. Hence 
the coherent radiation in a synchrotron is affected 
primarily by the phase oscillations of electrons 
and is characteristic of the phase-oscillation dis- 
tribution of the particles in a bunch. 

A comprehensive experimental investigation of 
coherent radiation has been carried out by Pro- 
khorov,! using a 5-Mev synchrotron. This author 
calculated the coherent radiation for several phase 
distributions for the particles in a bunch.2 Some- 
what later, Rytov (Report of the Institute of Phys- 
ics, Academy of Sciences, U.S.S.R., 1950) calculated 
the coherent radiation assuming that all particles 
in a bunch execute phase oscillations of the same 
amplitude. Up to the present time no analysis has 
been made of the coherent radiation of a bunch with 
an arbitrary phase distribution for the particles. 
However, this problem is important because the 
coherent radiation can be used as a means of in- 


vestigating various physical processes and par- 
ticle loss during acceleration. 

Before computing the radiation of a bunch we 
consider the radiation of a single electron which 
moves ina circle of radius rg with an angular 
velocity wy), Simultaneously executing phase os- 
cillations at an angular frequency 2 « Wp. 

We introduce a coordinate system with origin 
at the center of the circle and take the plane of 
the circle as the xy plane. The electron coor- 
dinates as functions of time are: 


x (t) = (Ty — py Cos Qt) cos (af + D sin Q2), 


y (t) = (ro — 9) cos QF) sin (aot + ® sin QF). (1) 


Here @ is the amplitude of the phase oscillations 
and py is the amplitude of the radial oscillations. 

We assume that the phase oscillations are har- 
monic and are given by the relation ~ = @ sin Qt. 
The vector potential of the electron field can be 
expanded in a double Fourier series in the wave 
zone. Making use of the fact that py/ry ~ Q/wy = 
1/ny) « 1, we obtain the Fourier amplitudes of the 
potential of the electron field (to terms of order 
Q/ 9 ): 


iRpmRo 
bens (Ro) ae ieB Ro J (nB sin 6) Jim(n@), 
ee ee (2) 
Aynm (Ro) = sy — Re In (NB sin NW n(n). 


Here kym = (nw) +mQ)/c, Ry and 6 are the 
radius vector and the polar angle of the point of 
observation, 8B =v/c, andthe Jy(x) are Bessel 
functions. 

When @=0, (2) vanishes for m0 and be- 
comes the well-known expression for the Fourier 
amplitude of the potential of a charge which moves 
with uniform motion when m = 0.2 
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We multiply (2) by exp {—i(nwy) +m)t} and 
write the resulting vector in the form: 
(3) 
A nm (Ros t) = An (Re t) exp {— imQ (¢ ay R,/c)} Ais (n®), 


where A,(Rpo, t) is the potential of the n-th har- 
monic in the spectrum of a uniformly rotating elec- 
tron. 

It is apparent from Eq. (3) that each harmonic 
in the spectrum of the uniformly rotating electron 
is to be associated with a band of frequencies in 
the spectrum of the phase-modulated electron. 
The amplitude distribution in the n-th band is 
given by the factor J,,(n@), as in the case of an 
ordinary phase-modulated signal. Jm(n®) falls 
off rapidly when |m|>|n|®. Hence the number 
of lines in each branch of the n-th band is | m]| < 
|n| (usually @=1 inan accelerator). When 
n>ng, adjacent bands start to overlap and the 
interpretation of the spectrum in terms of bands 
is no longer meaningful. 

We now consider the phase-oscillation distri- 
bution for the particles. 

We introduce a normalized particle distribution 
function in the phase plane: w(y, d, t) which 
gives the number of particles ata time t inan 
element dI of the phase plane: dn = Nw(y, v, t) dr. 
The function w is normalized to unity and the in- 
tegration extends over the entire region of IT. which 
is enclosed by the stability boundaries. The non- 
linearity of the phase oscillations cannot be neg- 
lected near the stability boundaries. We shall 
analyze the problem in the linear approximation, 
assuming that the amplitude of the oscillations is 
small compared with the region of stability; for 
this reason the exact form of the stability boun- 
daries is not important. We shall assume that 
they are ellipses: 7? + ¥?/Q? = tax; max is 
the amplitude of the largest nonlinear oscillation. 
The linear approximation is valid under the as- 
sumption that the mean amplitude in a bunch sat- 
isfies the condition $) K $y49x- 

Starting from Liouville’s theorem and the os- 
cillatory nature of the particle motion, it is a 
simple matter to find the distribution function at 
any instant of time once it is known for the entire 
plane at some earlier time: 


w (v, b, 2) =w(Msin(u—«a), QDceos(u—«), to), 


D= VP +d /Q% u=arcsin(d/®); «= Q(t—b). 

In the simplest case the particle distribution is 
stationary, i.e., the distribution density at each 
point is independent of time, depending only on. 
the amplitude of the phase oscillations: w (wv, v, t) 
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=w(@). Frequently one uses a normalized dis- 
tribution function (normalized to unity between 0 
and max) for the amplitudes {(@); this func- 
tion gives the number of particles with amplitudes 
in the range dé:dn = Nf(@)d6. For a stationary 
distribution we have f(®) = 27Q26d(@). We in- 
troduce another normalized (normalized to unity 
in the interval —%pax to +x) particle phase 
distribution function g(z, t), which gives the 
number of particles at a time t in the angular 
interval dy: dn=N@(j, t) dy. 

For a stationary distribution: 


max 


si 
Io] 
For simplicity, we usually assume in the cal- 
culations a particle phase distribution of the form: 
a i Dy; || $20, 
eel eo | )|> 20, 


i (®) 


Vane d®. 


9 (#) 


(4) 
f(®) =0/20, V (2@,)? — &, 
or else assume that all particles execute phase 
oscillations of the same amplitude, i.e., 


f(D) =3(D—,), o() =1/2V O—y. (5) 
In Eq. (4) 2%) is a singularity and in Eq. (5) 4%) 
is'a singularity, so that distributions of this type 
cannot apply to actual physical cases. 

The true distribution in a bunch has not been 
studied in any detail. From the experimental am- 
plitude-distribution curve for the 250-Mev syn- 
chrotron at the Institute of Physics, Academy of 
Sciences, U.S.S.R.,‘ it may be concluded that the 
particle phase distribution is essentially Gaussian, 

v 


1.C.., ‘ 
(a5) }> 


® 
oe aoe “*P fae (s,) | © 


Here, in computing the normalized integral we set 
. ®max = ©, making use of the fact that max > Bo. 
We now consider the coherent radiation of a 
bunch; we shall analyze the low-wavelength region, 
where the radiation is coherent. In Eq. (3) we in- 
troduce the initial phase of the i-th electron Yj = 

@ sin Qtpj and integrate over the electrons in a 
bunch. The potential for a component in the bunch 
field designated by the numbers n and m is of 
the form 


wT 


2 (D) = og, xP | — J 


ro T 


Ape (Ro, t) Sead Neen Dae (Ro; ft), (7) 


where we have introduced the form factor 
Fam = Vn (n®) exp {imarc sin (/)} w(b, b, to) dP (8) 


For a stationary distribution, using the variable 
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@ and u= sin! (¥%/®) in Eq. (8) and integrating 
with respect to u from 0 to 27, we have 


eee Ont OG —0) 
Dmax (9) 
Fro= \ f(®) Jo (nf) do. 


0 


The bunch spectrum contains only harmonics of 
the rotation frequency wy. The power in the n-th 
component of the bunch spectrum is Ip = N?| Fyo|? 
XIno, where I, is the power of the n-th compo- 
nent in the spectrum of the unmodulated electron 
(3); 

We compute the integral in (9) for various dis- 
tributions: for the distribution in (4) we find Fp = 
sin 2n (@))/2n%); for the distribution in (5) Fyo = 
Jo(n#y); finally, for the Gaussian distribution (6) 
Fro = exp (—n?63/7). 

In the first two cases the form factor oscillates, 
falling off slowly as #) increases; this behavior 
is due to the singularities in the distributions. In 
the Gaussian case the function falls off rapidly 
without oscillating. By an appropriate choice of 
f{(@) it is possible to obtain any intermediate 
case. Whence it follows that the energy variations 
in the coherent radiation observed by Prokhorov 
correspond to a well-defined distribution of par- 
ticles over phase-oscillation amplitudes. These 
variations need not necessarily be found in other 
systems. 

We now consider a non-stationary distribution. 
As a typical example we consider a distribution in 
which all the particles lie in the upper half of the 
phase plane at the starting time, i.e., 


wp, b, 4) =2w(®) if ~>0, 
w(p, b, to) =0 if b<0. 


Substituting (10) in (8) and integrating with respect 
to u from 0 to 7 we have 


(10) 


Dmax 
Pio= \ f(®)Jy(n®)d®, Fan =0; m= 2p, 
0 
Dmax (11) 
2 
Pine ( f(®)Jm(n®)d®; m=2p+1. 


0 


The spectrum now contains the fundamental and 

the odd harmonics only. In the frequency region 

in which n< ng and the bands do not overlap it 

is meaningful to sum over all m harmonics which 
form a band. As a result we obtain a signal which 
is modulated in phase and also amplitude modulated 
at the frequency of the phase oscillations. This 
means that the energy radiated by a bunch in each 
band of the spectrum is modulated by the phase 
frequency. 

The general properties of the spectrum are 
maintained for an arbitrary non-stationary particle 
distribution. The only changes are in the distri- 
bution of energy in the lines of each band and the 
form of the oscillations which modulate the radia- 
tion energy. This modulation of the energy of the 
coherent radiation at a frequency close to the cal- 
culated frequency of the phase oscillations has re- 
cently been observed at A=3 cm (n=170) by 
Iu. M. Ado at the synchrotron of the Institute of 
Physics, Academy ofSciences, U.S.S.R. 

The authors wish to thank A. M. Prokhorov and 
Iu. M. Ado for valuable discussions and for commu- 
nicating the results of their experimental work 
prior to publication. 
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The angular distribution of deuterons inelastically scattered from Mg‘ with excitation of 
the 2+ level (4.23 Mev), which results from excitation of a single quantum of deformation, 
is investigated. Both nuclear and electric interaction of the deuteron and nucleus are taken 
into account. The theory is compared with the experimental data. 


fk paper of Hinds, Middleton, and Parry! gives 
results of an experimental study of the inelastic 
scattering of 8.9 Mev deuterons by Mg”, with 
excitation of the rap Ar 2* levels which have en- 
ergies of 1.37, 4.12, and 4.23 Mev respectively. 
The angular distributions of the scattered deuter- 
ons when the first level (2*; 1.37 Mev) and the 
third level GRR 4.23 Mev) are excited differ both 
in shape and in magnitude. The probability of scat- 
tering with excitation of the 4.23-Mev level is 
smaller in order of magnitude than the probability 
for scattering with excitation of the 1.37 Mev level, 
even though the spin and parity of the levels are 
the same. The scattering of deuterons by Mg”4 
with excitation of the 1.37 Mev level was treated 
in our previous paper.” In the present paper we 
investigate the scattering of deuterons by Mg"4 
with excitation of the 4.23-Mev level. 

The Mg*4 nucleus is known to be highly de- 
formed, so that it has a spectrum of rotational 
levels corresponding to the different values K 
of the projection of the total angular momentum I 
of the nucleus on its symmetry axis. 

The lowest terms in the spectrum have K = 0 
and I= 0, 2*, 4*, etc. In treating the inelastic 
scattering of deuterons by Mg”* with excitation 
of the 1.37-Mev level, we made the assumption 
that the target nuclei are excited to the K = 0, 

I= 2" rotational level, and that the deformation 
of the nucleus is not changed, i.e., no quanta as- 
sociated with 6 and y deformations are emitted 
(ng=0, ny=0). 

Since the cross section for inelastic scattering 
of deuterons by Mg4 with excitation of the 4.23- 
Mev state is smaller in order of magnitude than 
that for excitation of the 1.37-Mev state, it is nat- 
ural to assume that the 4.23-Mev level arises from 
the creation of one quantum of y deformation and 
therefore corresponds to K=2. Thus this level 


alg 


is characterized by the quantum numbers K = 2, 
Tee 28 ng = 0 and n,,=1. (Values of the param- 
eter y different from 0 and 7 show that the nu- 
clear shape deviates from axial symmetry.) An 
indication that the 4.23-Mev level in Mg’ corre- 
sponds to K =2 is also contained in a paper of 
Rakavy.? 

We shall calculate the inelastic scattering of 
deuterons by Mg"4 on the basis of the above as- 
sumptions. 

The interaction between the deuteron and the 
Mg nucleus is taken in the form 


= c a 3Ze*Ro 
V = [£VoRb ry — Ro + Se 

ye Yo, (9 (1) 
= dtoyDuy (9, 9, P) You(%p, Pp) 


EV pRod (Gp — Rolo xh, De On Gab) ae Oa oa 


where v3, gy, and »% are the Euler angles which 
determine the position of the nuclear axis relative 
to a fixed system of coordinates; the subscripts p 
and n refer to the proton and neutron in the deu- 
teron; Diy is the unitary matrix transforming the 
spherical functions; V) and Ry are the familiar 
parameters of the uniform model; a, are the 
deformation parameters and are operators for the 
creation of phonons. 

In Born approximation, the matrix element of 
the transition is 


< 000k |V|2MKk’ > = II’? (q) 


 D<0| ey 1 >| Poo0Ps ing DS a 
: (2) 


3Ze?R* ‘ ; 
« (([ 4 VoRo8 (ro — Re) + a" | CP ¥en (Bos 7) dtp 


3 
ory 


+VoRo \ 8 (fn — Ro) gate You (On Pn) din}, 
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where 99 and YK (M is the projection Oia! 
on the z axis of the fixed system), which are the 
wave functions of the nucleus in the initial and final 
states, have the form‘ 


Poo = 1/V8 Ty 
doa = 1/ qo [Die Os % MtDy-e Os % Dh 


(3) 


where gq =|k-—k’| (k and k’ are the wave vec- 
tors of the center of mass of the deuteron at the 
start and end of the process); @ is the known size 
parameter of the deuteron; <0|a@ ,|1> is the 
matrix element for creation of a phonon and is 
equal to 


<0 | ov) 1 > = (4/2 VBC)", (4) 


where By, and Cy are, respectively, the mass 
coefficient and the coefficient of deformability of 
the nucleus. 

Using formulas (3) and (4) and the fact that the 
selection rules require »v =K, we get for the ma- 
trix element (2) 


<000 k|V|2MKk’ > = (20n/V2) < 2200] 2200 > 


x < 22K — K|2200> V; en oR3IL2(g) (5) 


5), (Ro) 0.3Ze2 Jas, (970) 
x Le le = 12 ; 5 ; 
Es le qRo 43 RoVo (970) Z | in 


where <...|...> are Clebsch-Gordan coeffi- 
cients, the Jy are Bessel functions, and ry is 
the electric radius of the nucleus. 

We finally get for the differential cross section 
for inelastic scattering of deuterons by Mg** (with 
K =2) 

do 2u2 (VoRo)? Ro Ul (9) 


dQ #3 V BAC, (6) 
Js), (Ro) 0,3Ze2_ pile 
x | + Vane UR Ga I Vi+3 


where yw is the reduced mass of the (d, Mg’) 
system and Ej is the energy of the incident deu- 
teron in the center of mass system. 

In order to compare our formulas with experi-. 
mental data, we must choose values for the param- 
eters. We evaluated the quantities B, and Cy, 
using the formulas? 


a) Le 


ae 2 
Bi— gq AMR, C,=4RIS— 7 
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where 47R2S = 15.4 A?/* Mev, A is the mass num- 
ber of the nucleus, and M is the mass of the nu- 
cleon. 

If we use the values of reference 2 for Vy and 
ry (Vo = 1.84 Mev, r9=6%X10 cm), take Ry = 
3 x 107!3 em, and assume that the interaction of 
the deuteron with the nuclear vibrations is repul- 
sive [i.e., choose the + sign before the nuclear 
term in formula (1)], the angular distribution of 
the deuterons, as shown in the figure, is in good 
agreement with the experimental data (curve 2). 

Curve 1 corresponds to the inclusion only of 
the nuclear interaction of the deuteron and the 
nucleus, and curve 3 takes account only of their 
Coulomb interaction. 

Thus, under our assumptions, simultaneous in- 
clusion of both Coulomb and nuclear interactions 
gives satisfactory agreement with experiment. It 
is interesting that the occurrence of a second max- 
imum in the deuteron distribution is explained. 

It should be stated that there is some difference 
between the theoretical results and the experimen- 
tal data with respect to the absolute value of the 
scattering cross section. However, since the co- 
efficients B, and C, are evaluated approximately, 
no special significance should be attributed to this 
discrepancy. 
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AT70, 900 (1957). 
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The influence of the Pomeranchuk effect upon equilibrium between the liquid and solid phases 
in He®-He‘ solutions is investigated thermodynamically. 


dis equilibrium diagram for the liquid and solid 
phases in He®-He* solutions should show interest- 
ing features associated with the Pomeranchuk ef- 
fect in He’. It was shown by Pomeranchuk that the 
melting curve for He® should have a minimum in 
the P-T diagram, and that below the minimum 
point the heat of fusion should be negative.!*? This 
effect has been observed experimentally by Walters 
and Fairbank.® It follows from the experimental 
data on the entropy of He*® that the minimum is 
located at Py) © 30 atmos and Ty = 0.5°K 

In the present paper we investigate the influence 
of the Pomeranchuk effect upon liquid-solid phase 
equilibrium in He®-He! solutions is investigated. 


1. WEAK SOLUTIONS OF He! IN He?® 


Let us consider phase equilibrium in weak solu- 
tions of He* in He*®. The conditions for equilibrium 
between the liquid and solid phases can, as is well- 
known, be written in the form: 


po(P, T)—xvkF =u (P, T)—x'kT, (1) 
kT nx’ +9'(P, T)=kTInx’+4'(P, T), (1) 


where x’ and x” are the He’ concentrations in 
the liquid and solid phases, respectively, yo(P, T) 
and yuo(P, T) are the chemical potentials for the 
two phases in pure He’, and #’(P, T) and 

y"(P, T) are functions characterizing the He’ 
atoms in the solutions. 

In Eq. (1) let us expand yj(P, T) and p>(P, T) 
in the neighborhood of the minimum, in powers of 
P—P,)=AP and T-—T)=AT. Since at the mini- 
mum point both the chemical potentials and their 
first derivatives with respect to temperature are 
equal, the zero-order terms in (1) and the terms 
linear in AT will fall out. We obtain, therefore, 
for the difference between the concentrations in 
the two phases: 

Cl = y" 


v’ tC 
Te Daa 2kT? 


(AT)’, (2) 


SY SS = ING = 


where c’ and c” are the specific heats, respec- 


tively, of liquid and solid He®, and v’ and vy” 
the volumes (per particle) for pure He’. 


are 


From (1’) we see that the ratio of the concentra- 
tions in the two phases depends only upon P and 
T, and therefore that in the region near x =0 
this ratio may be regarded as a constant quantity 


x! {2 (Po, ibe 


Cf caesar we guctis 


WP Ted 
\ ue £3) 


To 


From (2) and (3) we obtain for the concentra- 
tions in the liquid and solid phases 


, 


= NK (4) 


The pressure Py corresponding to the minimum 
in the P—T melting curve for He® is greater than 
the minimum pressure at which He’ solidifies 
(P ~ 25 atmos). It is of interest therefore to con- 
sider three possible cases. 

1. AP=0; then 


4 Cc” Al c’ 
2kT? 


Cc” al C4 
2, 
ee 


ux 
[ex Oe 
parent oie 2 


(AT)*. (5) 


(ATs x" = 


x— 1 


Thus, for P =P) the equilibrium curves in the 
limit of small concentrations are parabolas tan- 
gent to one another at the point T= Ty) (Fig. 1). 

2. AP <0; itis then clear from (2) that Ax. 
<0 everywhere. The equilibrium curves in the 
small concentration region are parabolas, one lying 
within the other (Fig. 2). In this case the two curves 
do not intersect at any point and do not touch. The 
vertices of the parabolas are situated for T = Ty 
at 


(for AP ~1 atmos, Ax~10%). 
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FIG. 1 FIG. 


3. If AP >0O, the curves are parabolas inter- 
secting at the points T, and T,, which in the 
P-T diagram for pure He® correspond to the two 
melting temperatures for the pressure P (Fig. 3). 
From (2) we can readily obtain 


c 


Tyo = Ty + [BaP]. (6) 


The concentration difference for a given T may 
be calculated from Eq. (2). It is more convenient, 
however, to employ the formula which is obtained 
if we expand in (1) the chemical potentials about 
tie points (UP...) and (UP, io) eAt- Ty. and. T> 
the first derivatives of the chemical potentials in 
the two phases are unequal, and the expansion be- 
gins with the term linear in AT. For small AP, 
where T,—T; « Ty, it is necessary to retain in 
the expansion the second-order term in AT as 
well, since the coefficient of the linear term is 
very small. We thus obtain for the concentration 
difference for T < T;: 


Q 
i ee Taye 


e" (T1)—e' (Tr) 


renee oa Ph) 


where Q, is the heat of fusion of pure He® at 
T = T,. An analogous expression is obtained for 
Tee Ns. 

In the general case, for AP not smali and 
T,-—T; ~ Ty, we may confine ourselves to the term 
linear in AT. In this case the equilibrium curves, 
in the limit of small concentrations, are straight 
lines intersecting at T, and T,. For the concen- 
trations in the liquid and solid phases we obtain 


e 


aes pa T,), “= acess a 
where xk; is determined from Eq. (3) at the point 
(P, T;). Analogous equations are obtained for the 
curves intersecting at Ty. 

As the pressure is further increased T; — 0, 
and for P ~ 40 to 45 atmos the lower portion of 
the diagram vanishes completely. 
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2 FIG. 3 
2. “IMPURITY GAS” EXCITATION MODEL 


Let us consider the energy spectrum for liquid 
He® containing a small number of He* atoms. The 
interaction of the He! atoms with the He® atoms 
leads to the appearance within the mixture of addi- 
tional energy levels. Thus in addition to the funda- 
mental He® energy spectrum there arises in the 
mixture a second branch due to the dissolved im- 
purity atoms. Two forms of energy spectrum for 
the impurity particles are logically possible — in 
one case the energy minimum corresponds to a 
momentum equal to zero, in the other case, to non- : 
zero momentum: 


e=e+ p?/2p, (9) 
e =e) + (9 — p)*/2e. (9") 


The energy distribution for the impurity atoms 
is determined by Boltzmann statistics down to tem- 
peratures for which either the phenomenon of quan- 
tum degeneracy in the “impurity gas” or the inter- 
action of the impurity particles with one another 
becomes significant. The conditions under which 
the deviation from classical statistics sets in have 
been established by Pomeranchuk.® For the case 
of a spectrum of the type (9), the degeneracy be- 
gins before it becomes necessary to consider the 
interaction, and the condition for applicability of 
classical statistics is x « (T/Tg)*/*. The degen- 
eracy temperature for a Bose gas: 


Tz = 3.31 (h2/uk) (3%/ms)*!, 


where Ps. is the density of He®, m3 is the mass 
of the He? atom, yp is the etractine mass of the 
fopur dey particles, and x is the concentration 
of He‘ in the mixture. 

For the case of a spectrum of the type (9’), how- 
ever, the limit of applicability for classical statis- 
tics is determined by the condition x « (kT/U), 
where U is an energy characterizing the interac- 
tion of the ‘He! atoms, on the order of several de- 
grees. 


POMERANCHUK EFFECT AND DIAGRAM OF STATE 


Applying the general formulas for the free en- 
ergies of dilute solutions and of an ideal gas, we 
obtain,°? respectively: 


Pr = F— xkT In [8 (SEE)") + 28,, 


anh (10) 
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From this we obtain for the entropy:® 


s’ = s, + xk In [(ts/p3x) (uk/2ah?)'2 + 5/9]. (11) 


feet S, + xk In [(msp2/o,xh®) (ukT /2n5)' -E 
Ss, =k [3l:),/ 1-1, — In A). 


%/o], (11’) 


For a rough evaluation let us set w in the spec- 
trum (9) equal to the mass of He‘, (11) then yields 


s’ = s. + xk In (1, 27%2/x). (12) 


In the case of the spectrum (9’), however, let 
us set for estimating purposes Py) and uw equal 
to their values for rotons; (11’) then gives 


s’ = s,+ xkln(20T "/x). 


From (12) and (12’) it is evident that the effect 
of impurities upon the entropy is more pronounced 
for the case py #0. The influence of the impuri- 
ties upon the entropy of liquid He?, however, (in 
contrast to the situation in liquid He’) is negligibly 
small in the temperature region in which the im- 
purities may be regarded as subject to classical 
statistics. This is explained by the fact that He’, 
being a Fermi liquid, possess a very large entropy. 
The effect of the impurities upon the specific heat 
of He® is even weaker. 

We turn now to consideration of liquid-solid 
phase equilibrium within the framework of the 
given model. | 

If one neglects the oscillatory term in the free 
energy (since T «@), it is possible to write for 
the free energy of a weak solid solution of He! in 
He’: 


(12’) 


Fl = Fs + xXq + &T In(x/e), (13) 


where x, is the zero-point energy of a single dis- 
solved He’ atom. 

From the condition of equality of the chemical 
potentials of the dissolved particles, we obtain for 
the ratio of the concentrations in the two phases, 
using (10), (10’), and (13): 
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If uw is set equal to the mass of the He? atom, 
the factor preceding the exponential in (14) be- 
comes ~ 0.1 Ts, For P= 30 atmos we obtain 
from the experimental data’ on pure He*, g/k ~ 
—0.1°. For T =0.5°, then, the concentration 
ratio x = x’/x” ~ 1/30. Thus for a spectrum of 
the type (9) with T < Ty) we will always have 
x’ < (T/Tg)/?. The “impurity gas” is therefore 
subject to Boltzmann statistics down to T=0, 
and it can readily be shown that x’ —0 as 
T-—0. In this case the liquidus curve will have 
a point of inflection, and will not reach the A- 
transition curve. Such a conclusion, however, is 
not completely certain, since in the solution q/k 
may differ considerably from its value for pure 
He’. 

For the case of a spectrum of the type (9’), if 
we take py and wp to be of the same order as for 
rotons, we have x’/x” ~1 at T +0.5° and 
P 30 atmos. Thus in this case the concentra- 
tions in the two phases increase rapidly with in- 
creasing |AT|, and evenfor AT 2 0.1°K the 
model under consideration becomes unsuitable. 


3. SOLUTIONS OF HIGH CONCENTRATION 


At temperatures below 0.83°K liquid He*®-He+ 
mixtures separate into two phases of differing He® 
concentration. This phenomenon must affect the 
form of the liquid-solid phase equilibrium diagram 
for He®-He* solutions. In view of the fact that the 
solution separation has been experimentally inves- 
tigated under the saturated vapor pressure of the 
solution,®>!° while we are interested in pressures 
~ 30 atmos, it is necessary to consider the influ- 
ence of pressure upon this effect. 

At the critical point the following conditions are 


fulfilled:* 
Op, (Te(P), x’, P)/Ox’ = 0, 


Opi, (Te(P), x’, P)/Ax"? = 0. (16) 
From this one readily obtains 
dTe> = Os 

ap Ox’’ (17) 


where s3 and v3 are ne entropy and volume as- 

sociated with a single He® atom in the solution. 
From the existing experimental data on tae con- 

centration dependence of the solution density"! 
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FIG. 4 


may estimate that dTc¢/dp ~ 0.01 — 0.1 deg/atmos. 


It is not difficult also to evaluate the derivative 
(dT/dP),- at any point on the separation diagram. 
We have: 


(dT /dP) » = — (OT /0x') (0x' OP). (18) 


The derivative of the concentration with respect to 
pressure can readily be computed: 


dx!) (80 (%) 0 () — 0" (%) ) | 0%’ 
ein feo 


2 1 


where x} and xj are the He® concentrations at 
the two separation points for a given temperature 
and v’(x’) is the volume per particle in a solution 
of concentration x’. 

Using experimental data on the concentration 
dependence of the solution density, the value of 
90/8x’* calculated from the data on the concen- 
tration dependence of the saturated vapor pres- 
sure,’ and the value of dT/dx’ computed from 
the separation diagram, we obtain the estimate 


(dT /dP) <.07 ~ 10? deg/atmos 


As we observe, the separation of the solutions 
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depends strongly upon pressure. For this reason 
it is impossible to state definitely whether or not 
limited solubility in the liquid phase will be ob- 
served for the pressures in which we are inter- 
ested, on the order of 30 atmos. If the solubility 
remains limited at such high pressures, then a 
triple point will be observed on the upper part of 
the liquid-solid phase equilibrium diagram. The 
approximate form of such a diagram, for P > Po, 
is shown in Fig. 4. 
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The binding energy of A particles in the hypernuclei HY, Hh, He’, and Hey has been 
computed in the second and fourth orders of perturbation theory. The theoretical results 


are in satisfactory agreement with experiment. 


lite intensified study of hyperons in recent years 


has led to the discovery of many of their properties, 


such as the fact that the binding energy increases 
linearly with the atomic number,! 
to a more accurate measurement of the binding en- 
ergy of the A particle in light hypernuclei. This 
opens new possibilities for the theoretical analysis 
of hyperon properties from the point of view of ele- 
mentary particle interactions, say in terms of the 

m and K meson fields. Several papers?“ have in- 
vestigated the binding energy of hypernuclei from 
field-theoretical considerations. Filimonov‘ tried 
to study the binding energy of the A particle in 
hypernuclei by using the elementary-particle sys- 
tematics of Gell-Mann and Nishijima in the second 
and fourth orders of perturbation theory with a cut- 
off of the Chew type. This was done on the assump- 
tion that the K meson —baryon interaction is 
pseudoscalar and that ga, the coupling constant 
for the interaction between the K meson and the 

A particle, is the same as gy, the coupling con- 
stant for the interaction between the K meson and 
the x particle. 

There exists at present no definitive data on the 
parity of K mesons or on the relative parity of 
baryons. For this reason theoretical investigations 
have assumed both scalar and pseudoscalar inter- 
actions between K mesons and baryons. Further, 
the study of K* meson scattering by nucleons leads 
to the conclusion that the interaction between the 
K™ and the nucleon in the state with isotopic spin 
JT =1 is much stronger than the interaction in the 
state with T=0. It has been suggested® that this 
is because gq # gy. 

We shall use meson theory to study the binding 
energy of A particles in light hyperons, assuming 
that the K meson —baryon interaction is scalar, 
but making no assumptions as to the equality of 
ga and gy. The method used will be that of Fili- 


monov.' We start with the interaction Hamiltonian® 


(Okey 


and, in particular, 


H = iG, {NrysunN + Ay sn& + Iny,A + (By, L] x 
+ By,tm=} + Ga(NKA + Herm. conj.) (1) 
+ Gy(Ns5K + Herm. conj.)-+ Gey (Et2K* A + Herm. conj.) 
+ Gey (Zt>tLK* +Herm. conj.). 


We assume that the coupling constants for the 
m™ meson —baryon interaction are equal, in agree- 
ment with symmetry considerations for strong in- 
teractions.’ For baryons fixed at the points xp, 
the interaction Hamiltonian becomes 


3 
H = VAR on Sp 21 2 (8) (tek) TP 
“Ie 


t=1 


x a (n) ene a SF Gp 


FO) eas 
(2) 
Ry ry ny, (Qe (K))—" 


x (Cin + bin) etkXn + Herm. con}. \ 


On going from (1) to (2) we have transformed from 
pseudoscalar coupling to pseudovector coupling; 
v(k) is a function which gives the cutoff for the 
virtual meson momenta, and 4) isa diagonal 
matrix whose components are the reciprocals of 
the baryon masses.’ The eight-by-eight matrices 
7”) and TH) have the following nonzero matrix 


elements: 
T@): Gyo = Agi = Agq = Mas = idisg = 155 == A7g = Agr = 1; 
T'D: 12 = — ido, = Ags = A53 = 14g 
— 1g, = iQ, = — iag, = 1; (3) 
T'): Gy = — Ag. = Azg = Ag3 = — 1045 
= 154 = Azz = — Ogg = 1 
TY: Qig = Or} Gog = — Ido, = Ag = Sx, A3g = — igsas 
— 1047 = Ag7 = — Age = SEE; (4) 
TG: Qog = ZA; Ay = 1Ay5 = — Ang = Gx; A37 = Isa; 


1A4g —— Q58 = ag7 = a? ex 
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g = G = = dita Cj *m*m 

= G*/4r ( we set = 1 and Gi = 1), 2ands ay ecas a en se 
ae bis a aj, c7, and bj are annihilation and Ke Qo \ \ xie (Y1, Xi, %a) [4 +?) (Xa -F 1) 
creation operators for the mj, Kj, and Kj mesons ye oe i 
respectively. ++ vy (xs + 1) J dx, dr, (11) 

Equation (2) can be used to obtain the A -nucleon ok 

interaction potentials in the second and fourth orders Picea m * i Viet @\(yie HE ae 
of perturbation theory by a previously developed Ae! J) ay Geet) Vet el Ve Hag (12) 


method.!:8 We call v'* the potential due to ex- 
change of a single virtual K meson, V&K™ the po- 
tential due to exchange of a m and K meson, y2k 
the potential due to exchange of two K mesons, 

and V2" the potential due to exchange of two 1 


mesons. These potentials are 
2 2 éK(X;—-X2 2 he 
Vik = — g? aay (Ara) Aad.) \\2 (R) efk! ) | e(K2) (dk) }; 
Vir — oe.) 8 Gn) ig (d eu ae heats (5) 
SRAM Mah 2 oat 


x {2 (b) v2 (Kk) (64+) (92k ») eile) O.—x.) 
g 


ike 


[EUR + ah) OPO? + oP twKH) 


— ¥ (Ba — ga)? /oFP (OP + of) 04} (dk) (dk); (6) 


(4m)? ap Ride Mees 
— EAL 08 (bof (he) eteettnetme 


x {4g2, (84 + 38%) (| 
oe elo ae Cee) or ee (oa oes) 
(col? (lA) 4 (4) «(402)9} (dk) (dk). (7) 


K)3 (ao oe ol) ol) 


The operators A and A* transform the A par- 
ticle into a nucleon, and the nucleon into a A par- 
ticle, respectively. The expression for V2K is 
simplified if we set gy, = g=, which is not in con- 
tradiction with the presently available data. 

The potential due to two a mesons has been 
studied previously by one of the authors.’ In order 
to calculate the interaction between the A particle 
and a nucleon in the core nucleus, we choose the 
nucleon and A particle wave functions in the form 


On (r) = (2ny*r 


Vee expifa= 7 /4y2r 
Qa (1) = Wy (Qry?r?)— 


exp lst yay) (8) 


fo =h/mnc = 1.4 - 


2 
c 


Los? em; 
where 7 is a parameter of variation. 

Equation (8) can be used to calculate the poten- 
tial energy in the singlet and triplet state of the 
A -nucleon pair for the forces given by Eqs. (5) to 
(7). We obtain 


E\K = — Fik 
singl tripl 


=— gine? Lr + {D (yy) — 1] ve ee) 


kx eee ee ee 
Eeing! ~ wa trip! ~~ 8x M My Arey? 
afb bhee oy (g, — 8s)? 
X mc?) AAS FR (y,) Sa 82" pan (y,) \ (10) 


@(Y1> Xa» Xa) = exp {— 72 (%1 — X2)?} — exp {— 17 (%1 + %2)"}, 


(13) 
5 g + 39% nO are 
Beas Eis aa &a —< ap Be ia) (14) 
1. 
jpos _ ( \ Agee x1, 2) dx, dx». (15) 
oD ) GEE) GF pan) eee 


The expression for E?” was calculated previously,’ 


and it is 


(ne a 


2? iss mae 


50 SS le. Xm = ipl Bik t= 


where ky is the cutoff momentum. We are using 
a rectangular cutoff. The eee on in (10) van- 
ishes if gy, = gy. When ga = = 3g, it is about 
1/30 of the first term and is therefore omitted in 
the calculations. The integrals FT Y,) and 
PK; ¥,) are found by numerical integration for 
Xm = 6. 

For several values of y} these integrals are 


ae 0.75 1.00 4.25 4.50 1.75 
Far 4.730. 4)524 4.375 . 4-968 1.184 
FeK 0.0318 0.0279 0.0253 0.0232 0.0216 


The kinetic energy of the A particle is 


Egin = 8/07 (te | Min 2) rac? (16) 


where M’, is the reduced mass of the A particle 
and the core. 

A direct calculation of the potential energy of 
interaction in the singlet and triplet states of the 
A -nucleon pair shows that the singlet state is pre- 
ferred. As in the case of pseudoscalar coupling, 
therefore, light hypernuclei in the ground state 
have the lowest possible spin. 

Although experiments have been suggested for 
finding the spin of hypernuclei,®»!” there exists as 
yet no relevant Sroka nisl sore 

If the ebins of HY, Hh, Heh, and Hey are 
3, 0, 0, and 4, respectively, we obtain the follow- 
ing expressions for the energies of the A particles 
in the hypernuclei, as functions of the parameter of 
variation n;: 


HAE Eig nests ee ee 


Hin He, ES Bye Shy ahr ae oe 
Hex: B= Buin -P 46, — 28, Oe ee 


(17), 
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In E2” we have neglected the part depending on 
the spin of the hypernuclei. 

The binding energy of the A particle is B A= 
—Emin, the minimum of the values in (17). We 
have found Ba for the four above hypernuclei 
using g%=16, a value obtained from nucleon- 
nucleon forces, a meson photoproduction, etc.!! 

We shall make the two assumptions that oy = 
et and ean = 3h). With the second of these as- 
sumptions the scattering amplitude of Kt mesons 
on nucleons vanishes in the second order of per- 
turbation theory for T=0, as is required by ex- 
periment.’ Further, Minami!® has studied the re- 
lation between the K*-proton scattering cross 
section with charge exchange and the sum of the 
scattering cross sections without charge exchange. 
If the ratio between these values is taken from ex- 
periment (about 0.2), we find that x = ge / en & 
0.36, which is in good agreement with the calcula- 
tions.° 

The results of the calculations are shown in the 
table. We have used the same values of Ya as 
before.4 


38 4 4 5 

Hypernucleus WN Hy» Hep Hey 
B,, Mev | eae I 0 0.8 B40 
fae | eh =1.2 <0 0.9 Dil 
By, Mev | g2=1.0| ~0 1.2 pa 
g,=3ge | gi =1.2 0.4 Taal a4 

12 
By, Mev, exp. 0.25-40.34 1.444+0.20 | 5 cei 47 
aaa 1.70-40.24 | 204°: 


It is seen from the table that if we assume that 
Pan = 3g, we obtain agreement with the experi= 
mental hypernucleon binding energies for gj 
between about 1.0 and 1.2, the range given by 
Kt -nucleon scattering experiments.° The assump- 
tion that oh Sd et leads to a binding energy which 
increases more rapidly with the number of nucleons 


in the nucleus than does the result obtained for 
oy = 3%, and thus does not agree with the experi- 
mental data. 

With our simplifying assumptions we cannot, 
of course, expect complete quantitative agreement 
with experiment; the overall agreement is, how- 
ever, quite satisfactory. 

The authors express their gratitude to Profes- 
sor D. D. Ivanenko for encouragement during the 
performance of this work. 
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An expression has been derived for the degree of stationary polarization of nuclei in the case 

of partial saturation of one of the components of hyperfine structure of paramagnetic resonance 
in a paramagnetic salt or ina semiconductor with a donor or an acceptor impurity. The degree 
of polarization for the same partial saturation of all the paramagnetic resonance components 


In the case Il=5 


has also been computed. 


the role of noncontact terms in nuclear relaxation 


has been taken into account. Methods of measuring polarization are considered. 


IF During the last several years several articles 
have appeared in which different variants of the 
Overhauser method for polarizing nuclei in para- 
magnetic salts and in semiconductors have been 
proposed.!~® The authors of several of these ar- 
ticles have succeeded in producing nuclear polari- 
zation. In most of these cases the articles deal 
with the problem of obtaining a nonstationary dy- 
namic nuclear polarization. 

In an earlier article’ the author gave an expres- 
sion for the degree of stationary nuclear polariza- 
tion obtained in the case of complete saturation of 
one of the components of the hyperfine structure 
of paramagnetic resonance. In the case examined 
in that article the relaxation of nuclear spin is due 
only to the hyperfine (contact) interaction with 
the spin of the electron shell. 

In this article we generalize those results. We 
examine the case of partial saturation of one or 
more components of hyperfine structure of para- 
magnetic resonance, and take into account the role 
of other mechanisms of nuclear relaxation. 

We note that unlike Jeffries* we consider the 
saturation of an allowed transition in the paramag- 
netic resonance spectrum. 

2. We consider a system consisting of an elec- 
tron shell with an effective spin S equal to § and 
of a nucleus with spin I placed into an external 
magnetic field H (this includes the cases of a 
trivalent acceptor or a pentavalent donor impurity 
in silicon or in germanium, and also the cases of 
many paramagnetic salts). The Hamiltonian of 
the system has the form* (we neglect quadrupole 
effects, and also the direct effect of an external 
field on the nuclear spin): 


*In the case of a pentavalent donor or a trivalent acceptor 


impurity in silicon or in germanium 8 =8i1=e= 2,K=A=B. 
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V cam 8 {g,H2Sz ae i (HySx aF H,S,)} 
+ {AS2 + B(Silx + Syl y)} 


(1) 


(cf. Bleaney’s paper;°® we follow his notation and 
consider the case of axial symmetry). 

We restrict ourselves to the consideration of 
the case of a strong field: BH >A, BH >B. In 
this case the components of the electron and the 
nuclear spins along the direction of the external 
field (M and m respectively) are good quantum 
numbers. For the energy levels we have® (up to 
terms of order A and B): 


(2) 
(3) 


(4) 


Emm = Mg pH + KMm, 
g = (g?. cos?d + g* sin®d)'h, 
Kg = [(Ag,)? cos’? + (Bg ,)? sin?9Y'*. 


Alternating fields of suitable frequencies will 
give rise to resonance transitions between the 
levels (2). In particular, the transitions AM = +1, 
Am = 0 give rise to paramagnetic resonance, while 
the transitions AM=0, Am =+1 give rise to nu- 
clear magnetic resonance. The paramagnetic reso- 
nance spectrum has the form $gH + Km, i.e., we 
obtain 21+ 1 equally spaced (up to terms of order 
A and B) hyperfine-structure components. 

We neglect the spin-spin interaction in calculat- 
ing the Boltzmann distribution among the energy 
levels. In this approximation we obtain 2I +1 
pairs of levels coincident in energy with the energy 
difference between the components of each pair 
equal to gH. 

We have four types of relaxation transitions: 

I) AM=+1, Am=0 — relaxation of electronic 
spin; 

Il) AM = —Am =+41 — relaxation due to the 
hyperfine (contact) interaction; 

Ill) AM = Am = +1; 
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IV) AM=0, Am =+#1.* 

Relaxation processes of type III and IV are not 
important compared with relaxation of type II in 
the case when the wave function of the electron 
(or more accurately of the electron shell with 
S = 4) taken at the position of the nucleus is 
large, in other words if the s-part of the wave 
function of the electron is not small.’ In the case 
of a pentavalent donor or a trivalent acceptor im- 
purity in silicon or in germanium, this condition 
is satisfied. One would expect this condition to be 
fulfilled also in the case of many paramagnetic 
salts (indeed, according to Abragam and Pryce?? 
the large value for the hyperfine structure of para- 
magnetic resonance indicates that the hyperfine 
interaction in a paramagnetic salt is due to the 
admixture of an excited state into the paramag- 
netic-ion ground state with an unpaired s -elec- 
tron). 

3. To be specific, we shall first consider the 
case I= %,. We then have four pairs of levels 
(Figs Ly. 

We denote by W(a) the probability per unit 
time for the transition a<~a’ brought about by 
an alternating field at right angles to the main 
field of frequency corresponding to this transition. 
It is well known that!! 

(5) 


W (a)= Dy (ra Ay)’ $a (®), 


where Ye is the gyromagnetic ratio for the spin 
of the electronic shell, 2H, is the amplitude of 


the alternating field, w is its (circular) frequency, 


while @g(w) is the function which gives the line 
[2] 


shape for the transition a<~a’ (with [alo )dw=1). 


0 
We shall introduce the probabilities W(b), W(c) 
The frequencies 


and W(d) in an analogous manner. 
of the corresponding four alternating fields differ 
from each other (they are equal to (SgH + Km)/h, 
where m=+%, +4, —%, —%, —*%). 

We shall assume that only relaxation processes 
of types I and II occur. 

We denote by W(aa’) the probability (per unit 
time) for the transition a—a’ brought about by 
interaction with the lattice. In a similar manner 
we introduce W(a’a), W(bb’) etc. We have 


W (aa’) = W(bb’) = W (cc’) = W (da’) = We-%, 


(6) 
W (a’a) = W (b'6) = W (cc) = W (d'd) = We’, 
where W is some function of the temperature, 


*A quadrupole nuclear relaxation AM = 0, Am = + 2, is also 
possible, but we neglect it. This relaxation will be weak, 
since it is not associated with the interaction between the 
nuclear and the electronic spins. 
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FIG. 1 
while 6 is given by the formula 
28 = gBH /kT. (7) 


We further denote by N(a), . the populations 
of the corresponding levels and by N° (a), gos the 
equilibrium populations. We use N to denote the 
total number of systems under consideration. We 
then have 


N(@)+N(a’)+N(6)+N(6')+N(C) 
+N (c)+N()+N(d)=N; (8) 
N° (a) — N° (a’) = N° (6) — N° (6') = N° (c) — N0(c’) 
N° (d’) (9) 


In the stationary case we obtain 


= No(d)— = “ tanh 6. 


N (a) [N (a’) = (W (a) + We’) /(W (a) + We-), 
TNO) (OS We oe 
N (c)/ N (c’) = (W (c) + Wee) /(W (c) + We-?), 
BTU Daas Ne 
N (a)/N (6) =N(6)/N(C) =N()/N(@) =e. (11) 


Formula (11) means that the hyperfine interac- 
tion establishes equilibrium between the levels a 
euevel joi’, lo). Biel CY, © gine! Gl, 

In particular, let us assume that partial satura- 
tion of only the resonance a~<~a’ takes place. 
Then W(b) =W(c) =W(d)=0, and the solution 
of (8), (10), and (11) yields 


N (a) =N (6) =N(C)=N() 

(a) + We®] /[(5 + 3e-%) W(a) + 4W (e + e-9)], 
N(b)=N(c)=N(d) 

= Ne-8[W (a) + Wee] /[(5 + 3e-28) W (a) + 4W (e® 


= Vi (Ww 


a em)I, 


N (a’) = N[W (a) + We-3]/[(5 + 3e-28) W (a) (12) 


+ 4W (e® + e-)]. 
We introduce the saturation parameter s(a) for 
the resonance a~<~a’ by means of the following 
formula: 


N (a) — N (a’') = [1 —s(a)] [N° (a) —N°(Q’)]. (18) 
We obtain 
s (a) = (5 + 3e—*) W (a) /[(5 + 3e-**) W (a) 
+ 4W (e® + e-9)]. (14) 


For the degree of nuclear polarization we obtain 


= s(a) (1 — e~*) /(5 + 3e-*), (15) 
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In a completely analogous manner we can dis- 
cuss the case of partial saturation of the reso- 
nance b<~b’. In this case we introduce the 
saturation parameter s(b) for this resonance 


s (6) = (5 + e% + 2e-*) W (6) /[(5 + e% + 2e-*) W (6) + 4W (e? + eat) Is 
j = s(6)(1 + 3e% — 4e-*5) /3 (5 + e% + 2e-*). 


by means of 
N (6) — N (6) = [1 —s (6)] [N° (0) — N° (6) 
and obtain after a simple calculation 
(16) 
(17) 


4. The results obtained above can be easily generalized to include arbitrary I. If partial saturation is 
produced for the transition between two states with nuclear spin components equal to m, the saturation 
parameter for this resonance and the degree of nuclear polarization become 


[20 + 1) + Ui — m) e® + (I +m) ce] W (m) 


Si) = 


f (m) = s(m) 


where W(m) is the probability (per unit time) 
of the transition between two states with nuclear 
spin components equal to m, produced by an al- 
ternating field of the corresponding frequency. 

In particular, if 6 «<1, we obtain 


ips W (m) ee (a) ae 
$(™) = Pony tw (UA) = Foret a és (m), 
(18a) 
while if 6 > 1: 
W (m) T+1+m 
s(m) =- —, f(m)= s (m) 
W 21 +1) We-® 21 
(m) + (21 + 1) We (18b) 
when m#JI, and 
20 +4) W(/) nS a(1) 
SO) = irpwotrernwe’ 1 az1 (18c) 


when m =I. 

From the results obtained above it follows, in 
particular, that for the complete saturation of the 
paramagnetic resonance that corresponds to the 
transition between levels with components of nu- 
clear spin equal to I, it is necessary that the con- 
dition W(I) > We® be satisfied. In all the other 
cases (m#I) it is necessary only that the weaker 
condition W(m) > We-° be satisfied. It is easy 
to understand the physical significance of this dif- 
ference. To be specific, we consider the case 
I= Jp (Fig. 1). When the transition b<~b’ is 
saturated the alternating field gives rise to more 
transitions of type b—b’ than of type b’—b. 
But owing to the increase in the population of the 
b’ level, the hyperfine interaction gives rise to 
transitions of type b’— a. Thus the hyperfine 
interaction transfers the systems from states b 
and b’ into states a and a’, facilitating the 
saturation of the resonance b<~+b’. We obtain 
the same result when the resonances c<~c’ and 
d-~d’ are saturated. But in the case of satura- 


(27-41) + —m) e+ (1 + m) e) W (m) + (214-1) W (e +6 


2am + (I~ mi) (I+ 1 +m) — (I +m) (+ 1am) eo? 
21 (2(1 + 1) + (0 —m) e+ (+ m) eo] 


—8)’ 


(18) 


8 


tion of the a<~a’ resonance this effect will not 
occur, since the level a’ is not connected to other 
levels by the hyperfine interaction. 

5. Let us now consider, for arbitrary I, the 
case of the same partial saturation of all the 21+ 1 
components of hyperfine structure of paramagnetic 
resonance. We again assume that only relaxation 
processes of types I and II take place. Wedenote . 
by N(m) and N(m/’) the populations of the states - 
with nuclear spin components equal to m and spin 
components of the shell equal respectively to — i, 
and +¥/, . In the stationary case we have 


N (mm) /N (m’) = (W (m) + Wee) /(W (m) + We-). 
From this we obtain 


N (m) 


N = Ve d__ ed 
(m) — N (m’) vom.we (e®&— e—*) “ 
pet vsaiet 4 ow, W (e8 —e-’) 
W (m)+ We s 


or, since all the resonances are saturated to the 
same degree, 


N (m)/(W (m) + We’) = N (m’)/(W (m) + We-8) = const, 


where the constant does not depend on m. 
The hyperfine interaction establishes equilib- 
rium between the levels m+1 and m’. Thus 


N (m+ 1)/N(m’) 
= (W (m+ 1) + We) /(W (m) + We-8) = e2, 
Therefore, for all the resonances to be saturated 


to the same degree it is necessary to have 


W (m) = gezms, (20) 


where q does not depend on m. 

We introduce the saturation parameter s which, 
according to the assumed conditions, is the same 
for all the resonances. We then have 
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N (m) — N (m') = (1 —s)[ [N° (m) — 
= 


Nom oo 
8) ap-7 tanh 6. 


Thus, in accordance with (19) we obtain 


N (m) 
W (m) + We? 


N (m’) N 
W (m)+ We? 


1—s 


ais ea W (e +e) 


(22) 


From this we obtain 


N 
=O iim [ 
By making use of the normalization condition 


DLN (m) + N(m’)] = 


N(m)+N(m’) =(1 


2W (m) 
W (e® +e) | 


we can easily establish the relation between q 
and s 


sinh 3 


1—s 
Blea Colas sinh(l 4-1) 8° 


Ss 


1) W (e® + e-8) a 


and thus obtain 


N 


N(m)+N(m') = y35 (1 


oms__Sinh 8 
et aatetreaysy (2) 


The total component of nuclear spin is 


ym [NV (m) + N (m')] 


and taking into account the fact that 
ry me2ms =/ sinh(2/ se 1)8 B, (2/8) 


sinh d 
m 


(By is the Brillouin function) we obtain for the 
degree of nuclear polarization 


f = sB, (2/8). 


6. We state without proof an expression for the 
degree of nuclear polarization in the case I= We 
(Fig. 2), when partial saturation (generally speak- 
ing with different degrees of saturation) of both 
components of paramagnetic resonance is produced 
(we here again assume that relaxation processes 
of only types I and II occur): 


2W (a) W (b) (e® — e~®) + 2W IW (a) — Ww (6)]|— 
2W (a) W (b) (e® + e~°) + 2W |W (a) + W (6)] +- 
—W [ew (a) e® W (6)] (e® + e— 9) 
> 5 = x 
+W fe *W (a) + e? W (b)] (e? + 67°) + 22 (e? + e—*) 


if — 
(25) 


7. Finally we consider, for the case I= wh : 


DO ee (Aen ce 2A) — ai CL aye — 2 (Ast 2g) 
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the effects produced by relaxation processes of 
types III and IV. For the probabilities of transi- 
tions produced by interaction with the lattice we 
may write (Fig. 2): 


W (aa) = W (6'6) = We®,  W (aa’') = W (6b’) = We-8, 
W (6'a) = Wes, W (ab’) = \We->, 
W (a’b) =i, We, W (ba’) =\We-, 
W (ab) = W (ba) = W (a’'b’) = W (0'a’) = WW, 
(ab) (0a) (a’0’) (O'a") = hy (26) 


where A, Ay, A, and W are functions of the tem- 
perature. 
In the stationary case we obtain 


N (a’) (ne? + 2s) +N (a) (Ke-8 a) 


= N (b') (he? + da) + N (6) (em? + 4), 
N (a’) [W (a) + Wee] + N (b') We? + N (6) iW 
= NV (a)[W (a) + W(1 $e + 2,W], 
N (6) [W (6) + We-8] + N (a) kWe-8 + N (a) gW 


=N(6')[W (6b) +W (1 +d)e§ +2,W]. (27) 
From the normalization condition we have 
N(a)+N(a’)+N()+NO)=N (28) 


We first consider the case of complete satura- 
tion of both components of paramagnetic resonance. 
The N(a) =N(a’), N(b) =N(b’) and we obtain 


N(a) _ re? + re7* + 222 fa PaEUPS dr) sinh § 
N (6b) ne7F te rye® +2, 7 © (A+ Ar)eoshid + 2rz (29) 
If, in particular, 6 <1, we obtain 
N ch a as Me A—d 
N ( = 14287 — TROT alee Satyr (29a) 


(the first of these formulas agrees with Abragam’s 
result”). For 6 > 1 we obtain 


NV (a) 
Wp) hd f=(A—4)/(A+ A). 


(29b) 
However, if (complete) saturation is produced 
only for the resonance a~<~a’, we obtain for the 


degree of nuclear polarization 


(30) 


~ Ag(4-£a)(Be® be %)H29(1-+u)(e0-4+-3e—9) + (BA4321 +2001 +422) Hard Fae ®+aitarye 2° 


which gives for 6<«1 


f = 8(1 +A) A — A) /2TA+ AH 2d $+ DA + Me + he 


(30a) 


724 
For 6>1 (30) gives f=-1, which is easily 
understood since, if A; #0 in the case of com- 
plete saturation of the resonance a<~a’, all the 
systems will accumulate in level b. 

8. In conclusion, we consider the question of 
the possibility of a direct measurement of the de- 
gree of nuclear polarization in the case of the ef- 
fects considered above. It is desirable to have 
methods by which f can be determined without 
applying the results obtained above (since these 
results are associated with certain assumptions). 

We consider the case I= %. We have 


f= (3(N (2) + N (av) + IN (0) +N (ON-IN ©) +N (C)] 
— 8[N (d) + N (d’))}}/3N, 


or 
{= BIN (a) —N OI) +3IN@)—NO) 


+4[N (b) —N (c)] + 4[N (0) — Ne’) 
+ 3{N (c) —N (d)] + 3[N (c’) —N (a’)}}/3N. 


If we measure experimentally, for example, the 
signal due to the nuclear resonance a~<~b, we can 
find N(a) — N(b). Thus, by measuring experi- 
mentally the nuclear resonances a<~>b, a’<~hb’, 
b+—c etc. we can determine f. 

We also note that some of the differences N(a) 
-—- N(b), N(a’) —-N(b’), N(b) —N(c) must in- 
crease strongly when at least one of the components 
of the hyperfine structure of paramagnetic reso- 
nance is saturated, evenif 6 <1 [this can be seen, 
for example, from (12)]. Thus, nuclear magnetic- 
resonance measurements afford a check, at high 
temperatures, on the validity of the above theoret- 
ical results. 

However, the actual situation is more compli- 
cated. According to (2) the energies of all the 
nuclear-resonance transitions are the same up to 
terms proportional to A and B, and are equal 
to K/2. In the next approximation the terms dif- 
fer by an amount of order B?/g8H. But to prevent 
the different components of nuclear magnetic reso- 
nance from overlapping the experiments have to be 
conducted at relatively weak external fields. 

Moreover, according to Valiev,'* nuclear mag- 
netic resonance experiments on nuclei of paramag- 
netic atoms will be successful apparently only at 
liquid-helium temperatures. Such experiments 
are of considerable interest for their own sake. 

It can be seen from (31) that when one of the 
components of paramagnetic resonance is satu- 
rated it is not possible to find f directly by meas- 


(31) 
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uring the paramagnetic resonance of the unsaturated 
components. However, such measurements may be 
carried out to check theoretical results. 

For example, when the resonance b<~b’ is 
completely saturated 


N (a) — N (a’) = N (e®— 1) + 5 + 2e), 
while in the absence of saturation 


No (a) — N0(a’) = 7 tanh 6. 


Thus, if 6 is of the order of or greater than unity, 
then in the case of complete saturation of the reso- 
nance b<~b’ the signal corresponding to the res- 
onance a~<~a’ must increase significantly (in 
particular, if 6 >> 1, it will increase by a factor 
of four). 

Finally, we note that in the case of polarization 
of radioactive nuclei the degree of polarization can 
be found directly from the angular anisotropy of y 
radiation from these nuclei. 
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ANALOGY BETWEEN THE MECHANICAL 
AND THERMODYNAMICAL EQUATIONS OF 
MOTION AND THE ONSAGER RECIPROCITY 
RELATION 


I, FENYES 


Institute of Theoretical Physics, L. Eotvos 
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Submitted to JETP editor May 23, 1958 


J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 1039-1041 
(October, 1958) 


l. In many works by Popov!* and Karanikolov,’” the 
Onsager reciprocity relations’ are derived from a 
proposed analogy between classical mechanics and 
irreversible thermodynamics. The fundamental 
equations of irreversible thermodynamics can be 
written‘ in the following convenient notation: 


xX a La, (1) 
a=LX, X=Ra(R=L"). (2) 
Here X is the force vector, a the state vector, 


L(R) the conductivity (“resistance”) matrix, 
and g is a symmetrical matrix, 


g=£, (3) 


(the tilde denotes transposition), whose elements, 
are the negatives of the second-order derivatives 


Si, = — OS /0x,0ax, (4) 
of the entropy 


Ser (Aen. tp On) =e (OH). (5) 


We note that in matrix notation X and a@ are 


columns, while their transposed values (% a) 
are rows 

Since Eqs. (1) and (2) do not permit a deter- 
mination of the symmetry properties of the matrix 
L, Popov proposes that the following equation 
holds:f 


tos (6) 
Using Eq. (6), Popov and Karanikolov'? succeed, 


through rather lengthy computations, in deriving the 
reciprocity relation of Onsager 


ji, abe (7) 


In the present article we prove the following. 
(1) Popov’s results can be obtained in a consid- 


erably simpler form. 
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(2) Relation (6) of Popov is a very restrictive 
and, generally speaking, unfounded condition, which 
reduces to 


Ee rs 
a aor 


Yb ees (8) 


(3) Instead of (6), it is necessary to use a gen- 
eral relation that can be considered with full jus- 
tification as the thermodynamic analogy of New- 
ton’s equations of motion. Equation (6) and its 
equivalent, the expressions in (8), can be valid 
only in a few rather particular cases. It will be 
shown that Eq. (7) unfortunately no longer follows 
from the above-mentioned general relation. 

2. The Onsager relation can be obtained very 
simply from Eqs. (6), (1), (2), and (3). We differ- 
entiate Eqs. (1) and (2) with respect to time 


X=—ga, K=L a; 


we use again Eq. (2) 


Lia=—ga= — glx 
and furthermore 
— X = (Lgl)? a= Rg "Ra. (9) 
It is obvious that by deriving this relation we 
have solved the above problem. In fact, since 
Eq. (9) follows from (1) and (2), it is equivalent to 
these two equations. Furthermore, (9) has the 
same form as Newton’s equation of motion 


F =mr. 
It is clear that Popov’s relation holds only when 
Lola, 


hence, 


L? a to jb — gt, 


lg] #0. 


It is obvious that if g =, g /? is also sym- 
metrical, i.e., 


L = grb = (gs) = 1. 


Since the equation of motion (9) results from Eqs. 
(1) and (2), and since the symmetry relation (7) 
does not follow from (1) and (2), it cannot follow 
from (9). Relation (7) is obtained only if we as- 
sume that L is a symmetrical function of the 
matrix g. At the present time we know of not one 
thermodynamic system for which L depends on 
g, so that this assumption is quite unfounded. 

In analogy with Eq. (9), or with Eqs. (1) and (2), 
with Newtonian mechanics it can be followed by 
making the following comparisons: 


F aX 
m (Lgl)* 
Tr a 

np BE OES (ee yeas 


726 


Further comparisons pertain to the motion of a 
point under the influence of friction: 


The resistance matrix corresponds to the coeffi- 
cient of friction. 

There exists also an analogy in that respect, 
that the positive definite matrices (LgL ee and 
R correspond, in the case of |g|~0 and |L| #0 
to positive values of m and xk. The analogy re- 
mains in full force also in that case when we con- 
sider, instead of the motion of a point under the 
influence of friction, the rotation of a solid body in 
the presence of an anisotropic friction force. 

Thus, the mechanical model of irreversible ther- 
modynamics comprises rotation of a solid about a 
certain point in the presence of anisotropic friction. 
This model, to the extent that it is practically re- 
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alizable, can be used to integrate the equation of 
motion of irreversible processes. 


*For other work by Popov on this subject see the literature 


of reference 1. 
tSee Eq. (10) of reference 1. 


1k. Popov, J. Exptl. Theoret. Phys. (U.S.S.R.) 
28, 257 (1955), Soviet Phys. JETP 1, 336 (1955). 

2h. Karanikolov, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 28, 283 (1955), Soviet Phys. JETP 1, 
265 (1955). 

31,, Onsager, Phys. Rev. 87, 405 (1931), 38, 
2265 (1931). 


45. R. de Groot, Thermodynamics of Irrevers- 
ible Processes, Amsterdam, North Holland Publ. 


Co., 1952. 
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ON THE POSSIBILITY OF APPLYING THE 
BELEN’KII-TAMM EQUILIBRIUM SPEC- 
TRUM TO THE DETERMINATION OF (vy, n) 
REACTIONS* 


V. A. SHKODA-UL’ IANOV 
The Uzhgorod State University 
Submitted to JETP editor May 31, 1958 


J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 1041-1042 
(October, 1958) 


Tue measurement of photonuclear cross sections 
in the energy range of 25 to 80-100 Mev with pres- 
ently-known methods involves many difficulties. 
These difficulties are in a large measure due to 
the smallness of cross section of the (y,n) re- 
action and to the relatively high neutron back- 
ground in experiments of this kind. 

A further difficulty is connected with the neces- 
sity of knowing the sensitivity of the monitor as a 
function of the photon energy. In contrast to ear- 
lier work, where the (y,n) excitation functions 
were determined with thin specimens, we propose 
a new method of determination of photonuclear 
cross sections. The basic idea of this method is 
the utilization of the equilibrium photon spectrum 
obtained when the original monoenergetic electron 
beam strikes a target so thick that practically the 
full electron-photon shower can develop. 

The number of photoneutrons thus generated in 
the thick block of the investigated material is con- 


nected with the equilibrium photon spectrum and 
with the cross section Fyn E) by the integral 
equation (see, e.g., reference 1) 
Ey 
Q (Eo) = \ yn (EZ) Tp (EoE) dE, 
Ey 


which in our case has a solution 


dQ (Ey) 
dE, 


E 8 d2Q (By) _ 


Svn( Eo) = op(Eo) f (9) lj (0) dE2 


+ By Q (Eo), 


(1) 


where 0,,(E 9) is the photoneutron production 
cross section, op(E,)) the total photon absorption 
cross section at energy Ey, £ the critical energy, 
Q(E)) the neutron yield per primary electron of 
energy Ey, £(0) =2.29, KE; the energy of the 

(y, n) threshold in the material under investiga- 
tion, ['p(E)E) the so-called equilibrium photon 
spectrum? which results when electrons of energy 
Ey bombard a target of such thickness that prac- 
tically the full electron-photon shower can develop. 

Equation (1) was obtained by using the explicit 
expressions for Ip (E)E) given in reference 2. 

It was reported in reference 3 that the uncer- 
tainties connected with the monitor problem alone 
can lead to errors in the cross section of (y, n) 
reactions of the order of 100% in the 30 to 80 Mev 
energy region. In the same energy range, the 
cross sections can have additional errors of 50% 
due to errors in the determination of the photo- 
neutron yield. In the presently proposed method 
the monitoring can be performed on the electron 
beam with greater accuracy (e.g., by means of 
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a Faraday cup) than is possible on the brems- 
strahlung beam. 

We hope that our proposed method of the deter- 
mination of the excitation functions of (y,n) re- 
actions in the region of relatively high energies 
will eliminate such large errors. 

The author is deeply indebted to V. I. Gol’danskii 
and L. E. Lazareva for valuable discussion of a 
number of questions. 


*Presented as a short communication on the All-Union Con- 
ference on Low- and Medium-Energy Nuclear Reactions, Moscow, 


19576 
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DETERMINATION OF THE MOMENTUM AND 
EXCITATION ENERGY ACQUIRED BY A 
HEAVY NUCLEUS IN THE INTERACTION 
WITH A FAST NUCLEON 


A. I. OBUKHOV 
Radium Institute, Academy of Sciences, U.S.S.R. 
Submitted to JETP editor June 2, 1958 


J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 1042-1044 
(October, 1958) 


Accorpine to the model proposed by Serber,! 
particles with energy ~ 100 Mev and higher inter- 
act with the individual nucleons of the nucleus. 

As a result of the cascade of nucleon-nucleon col+ 
lisions, the nucleus that remains after the emission 
of a few fast nucleons acquires a momentum and an 
excitation energy which, on the average, amount to 
a fraction of the momentum and the energy of the 
incident particle. Steiner and J ungerman? meas- 
ured the component of the momentum of the nucleus 
along the direction of incidence of the proton for 
the interaction of uranium nuclei with protons of 
energy 190 and 340 Mev. The value found is ~ /; 
of the momentum of the incident proton. The cal- 
culations of Porile and Sugarman? lead to the con- 
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clusion that, in the interaction of bismuth with 
protons of energy 468 Mev, the nucleus acquires 
a perpendicular momentum component which is of 
the same order of magnitude as the parallel com- 
ponent. 

We determined experimentally the mean value 
of the parallel as well as the perpendicular com- 
ponent of the momentum of the nucleus for the 
interaction of 660-Mev protons with uranium 
nuclei. The photo-emulsion technique was used. 
We have assumed, in first approximation, that the 
angular distribution of the fission fragments is 
isotropic in the system of the fissioning nucleus. 
The parallel component of the nuclear momentum 
P|; = Mvj; was determined from the expression 
N¢g/Np = (1 + 7 )/(1 — ni), where Ng, Np are 
the numbers of fragments in the forward and back- 
ward hemispheres, respectively, mj =v,j/V is 
the ratio of the mean transfer velocity of the nu- 
cleus to the mean velocity of the fission fragments, 
and M is the mass of the nucleus after the emis- 
sion of the cascade nucleons. Corrections were 
made for the failure of the apparatus to register 
fissions with an angle of inclination of =< 15° to 
the vertical. The perpendicular component of the 
momentum of the nucleus was determined from 
the angle between the tracks of the fragments 
which make an angle of < 5° with the plane of the 
plate. The plate was exposed to a proton beam 
perpendicular to its surface: 

Ane 

Tae 
where y, is the mean value of the complement 
to the angle between the fragments. Both equali- 
ties presuppose Mp = Mj. The effect of the scat- 
tering of the fission fragments from the nuclei of 
the emulsion is much smaller than the effect we 
are looking for. It was assumed 


Bly 


T TL 
Py, = Mo\,, ss eeceseea x tan 3 = 


1 
P, (Mev/c) P |(Mev/c)| P ||P, 
Experiment 340 | 430 | 1.26 
Computation 280 380 1539 


that nucleon evaporation occurs until fission sets 
in, and that the former is isotropic. In the dis- 
cussion we exclude fissions accompanied by the 
emission of particles with Z = 2, since the mo- 
mentum of these particles is larger than or equal 
to the momentum we want to measure, and thus 
“smears out” the picture. The values found are: 
n\| = 0.039 + 0.010 and ny = 0.049 + 0.007. In the 
table we list the values of the components of the 
momentum of the nucleus and their ratio, calcu- 
lated from the experimental values for 7 and 
n,|, where we assume V = 0.04c. We also list 
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the corresponding values computed from the data 
of Ivanova and P’ianov‘ on the angular and energy 
distributions of the cascade nucleons. These data 
were obtained in the calculation of the cascade for 
uranium at the proton energy of 660 Mev with the 
Monte Carlo method. In the calculation the cre- 
ation of mesons was neglected. 

The table shows qualitative agreement between 
the computed and experimental values. It should 
be kept in mind that the experimental values refer 
only to fission experiments. 

From the experimental value for the parallel 
component of the momentum of the nucleus we 
can determine the excitation energy of the nucleus 
under the assumption, as in references 5 and 6, 
that the momenta of the cascade nucleons are 
transferred by way of one fast cascade particle 
in the direction of the incident proton beam. With 
our data, this gives E¢ = 240 Mev for uranium 
with E, = 660 Mev. This surpasses the value 
~ 160 Mev of reference 6. Under the assumption 
that two fast cascade nucleons are emitted in the 
direction of the proton beam and perpendicular to 
it the measured values for the parallel and per- 
pendicular components of the nucleus momentum 
yield for the excitation energy the value E¢ = 
145 Mev. It is seen that the presence of the per- 
pendicular momentum component leads to a sig- 
nificantly lower value for Ef. It is obvious, 
however, that the second variant represents an 
extreme approximation just as the first variant 
does. It must also be pointed out that the perpen- 
dicular component of the momentum of the nucleus 
should be considered in the investigation of the 
angular distributions. The irregularity in the 
angular distribution of the fission fragments of 
bismuth in the 60 to 90° region in the laboratory 
system, found by Wolke and Gutman,’ may pos- 
sibly be explained by this fact, as these authors 
also noted. 

In conclusion the author expresses his grati- 
tude to Prof. N. A. Perfilov for a number of criti- 
cal remarks, and to N. S. Ivanova and I. I. P’ianov 
for making available the computational data on 
the angular and energy distributions of the cas- 
cade nucleons of uranium. 
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ON THE MULTIPLE INTERACTION IN QUAN- 
TUM FIELD THEORY 


L. I. PODLUBNYI 
Odessa Pedagogical Institute | 
Submitted to JETP editor June 7, 1958 i 


J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 1044-1045 
(October, 1958) 


‘Tue problem of constructing the nucleon potential 
with the inclusion of multiple interactions by sum- 
ming over the corresponding terms in the pertur- 
bation expansion was considered in reference 1 in 
the framework of pair mesodynamics. 

In the present paper, an expression for the ef- 
fective potential for the multiple interaction of two 
particles is found in closed form. The discussion 
is based on the usual methods of Feynman and 
Dyson under the assumption ||E| —-m|«<m. In 
the expansion for the energy of the free particle 
(e.g., the electron ) 


|E.|=m-+ p2/2m+... (1) 


(here, as in the following, h=c=1) wecan 
therefore restrict ourselves to the first term 
|E,| *m. It is easily seen that in this case the 
Green’s function for the electron has the form 


( 1 8 > —im (it 
SP(21)= +P 3(,—n)e - bee fo 38 


(2) 


i—é6, im (t. 
S* (2,1) =—S8(n— 1) OP hy. 


We note that the approximation (2) does not 
imply a transition to a theory with fixed sources 
(m-—«), since the Green’s function SF would 
then depend only on the time. 

Using (2) and carrying out all calculations in 
the coordinate representation, we obtain for the 
case of a process of order 2n, where the inter- 
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acting particles interchange n virtual quanta, 


CAG Oe: (— ai \\ Ar, d’r.| 9 (r1, ra) |? 


oe (3) 
x \\ dtaligiD® (x =o) i: 


Summing over n and introducing the effective 
potential,” 


Siof = »S So = \\ dr, d*reoe ("1 2) (4) 


n=1 
: 
XU (lr — re }) 9; (1, re) lim \ dts 
t 


+00 
—_—oc 


where v = ef — €j = 0. We find, finally, 


U(r) = ie? | De(it)din “Dp 


—c 


DF 
ie ae RB a (5) 


where ry is the classical electron radius, A is 

the Compton wavelength (in our notation SF and 
DF are equal to 3SF and 3DF in reference 2, 

respectively ). 

Such simple results were obtained only by ex- 
cluding the poles of type [m? — (Ginn t eee ee Sieh 
for processes involving n virtual quanta, keeping 
in mind the character of the approximation, i.e., 
|wo +... +w,|<m. It can be shown that these 
restrictions have, in any case, no bearing on the 
finiteness of the potential at the origin, which 
follows from (5): 


UN =e/VFFR, 


The form of expression (6) agrees with the poten- 
tial proposed in reference 3. We have 


R=VrQr (6) 


U(r) |--0o = mV na, « = 1/137. 

In the calculations for the pseudoscalar meso- 
dynamics with pseudoscalar coupling the order of 
the time integrations has to be changed; but the 
final result agrees with Eqs. (3) to (5): the nucleon 


ve) 
potential depends on the distance like t Ag (r,t) dt? 


—0ooO 
where 


Ap = AF /[1 + (G/M)A"], 


M is the mass of the nucleon, and G is the coup- 
ling constant. 
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lr the interaction between slow negative pions 
and nuclei is considered as a perturbation to the 
Coulomb potential of a point source (see refer- 
ences 1 and 2), it is possible to estimate the po- 
tential of the meson-nucleus interaction. Denoting 
by v(r) the deviation of the interaction potential 
from its Coulomb value, we obtain, to first order 
of perturbation theory, the total shift AE,j of the 
mesonic-atom level 

\ ee ie) COM ar, (1) 


0 


I 


NE 


and the phase T;7 of scattering of a slow pion by 
a nucleus denoted by I; in reference 1), becomes 


Tht = — 7 \ ben, (Pear) dr. (2) 
0 
Here k is the wave number of the meson, and 
v(vr) differs from zero only when rs rz [rz= 
(h/uc) A/ 3 is the nuclear radius] and depends 
little on the energy in the low-energy region 
(~1 Mev); Wy7 (1) is the wave function of the 
bound state in the Coulomb field, which Bae the 
heme 


following form as r/Ryz — 0 (28a = ne | 


Yai (1) = E: cae i)! (iets 1)! ce )' (a ) Fe 


and 9,7(r) is the regular wave function of the 
continuous spectrum in the Coulomb attraction 
field, which becomes, as (kr) — 0 


Dy (kr)! 
Ore) = pare Clee? (4) 


l — 
2 an | a| ( cae we = 
Cate aoe ea all a TS NS a ohana eater: ye 


s=1 
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Considering in mesonic atoms only levels with 
values of n such that rz/Rnz «1, but to which 
perturbation theory is still applicable (n bounded 
from above), considering in the continuous spec- 
trum such slow mesons for which krz «1, and 
using furthermore Eqs. (3) and (4), we obtain in 
lieu of (1) and (2) 

UZ, 


Bi (n+ 0)! eg eee aes 
AEnt = sq —1— iQ IP a \ LEMONT OL; 
: (5) 
2 Ci fe 
tht = — or CERNE: ipa \ pee ory ar. (6) 


0 


Comparison of formulas (5) and (6) shows a 
simple connection between the level shift in the 
mesonic atom and the phase of scattering of a 
low-energy meson by a nucleus. This connection 
is a particular case of the more general relation 
obtained by Byers.° 

In what follows we shall treat the imaginary 
part of the interaction potential Im v, which 
leads to a broadening of the levels (particularly 
by the 1S level) in mesonic atoms and to the 
absorption of pions when scattered by nuclei. We 
shall assume the imaginary part of the potential 
to be independent of r (the results of the calcu- 
lations depend little on the shape of the potential 
and depend on rv, the average radius of the nu- 
clear matter). Then, using (5) and using for 
Im AEs the value (0.45 + 0.07) kev* measured 
experimentally by West and Bradley‘ for beryl- 
lium-9, we obtain for the S state Imv # 1.5 
Mev. An analogous estimate can be made using 
the two-nucleon model of absorption of pions by 
nuclei.> In this case (see, for example, refer- 
ence 3), we obtain for the S state 


> 10? C2 k em? (7) 


op 
ad 
oe NS 


where the parameter IT characterizes the proba- 
bility of absorption of a pion by a pair of nucleons 
in the nucleus, referred to the absorption in deu- 
terium. Comparing this expression with formula 
(6) at 2=0 andtaking [T =~5 (see reference 6), 
we get Im v = 0.281 =~ 1.4 Mev, which is in ap- 
proximate agreement with the quantity obtained 
above. Thus the complex portion of the potential, 
responsible for the absorption of slow mesons, is 
small. 

Knowing the width of the 1S level, we can es- 
timate the lifetime of the negative pion at this level 
for nuclear capture, and compare it with the life- 
time for decay. This is of interest because Fry 
and White’ reported observed cases of decay of 
negative pions stopped in emulsion and gave an 
approximate value of 10° for the ratio of the decay 


probability to the nuclear-absorption probability 
(for the light elements C, N, and O). Taken 
together with an approximate pion lifetime of 1078 
seconds, this gives approximately 107! seconds 
for the lifetime for nuclear capture. This contra- 
dicts,.as noted by Gol’danskii and Podgoretskii,® 
the strong interaction between the pion and the 
nuclear matter. Since the time that the meson 
hits the 1S orbit of the mesonic atom amounts 
to approximately 107!8 seconds, the observed 
decay should occur obviously on this orbit. Yet 
the lifetime for nuclear capture, obtained by West 
and Bradley from a measurement of the level width 
(At Im AE *h) is approximately 107'® seconds, 
which contradicts the results of Fry and White. 

I am grateful to A. M. Baldin for a discussion 
of the above problems. 


*Reference 4 gives the total level width y = (8/3) Im 
AE jg = (1.2 + 0.2) kev. 


14. M. Baldin and A. I. Lebedev, J. Exptl. 
Theoret. Phys. (U.S.S.R.) 38, 1221 (1957), Soviet 
Phys. JETP 6, 940 (1958). 

2S, M. Bilen’kii, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 32, 624 (1957), Soviet Phys. JETP 5, 
517 (1957). 

3N. Byers, Phys. Rev. 107, 843 (1957). 

4D. West and E. F. Bradley, Phil. Mag. 2, 957 
(1957). 

*Brueckner, Serber, and Watson, Phys. Rev. 
84, 258 (1951). 

6. H. Tenney and J. Tinlot, Phys. Rev. 92, 
974 (1953). 

"Ww. F. Fry and G. R. White, Phys. Rev. 93, 
1427 (1954). 

8Vv. I. Gol’danskii and M. I. Podgoretskii, 

J. Exptl. Theoret. Phys. (U.S.S.R.) 28, 620 (1955), 
Soviet Phys. JETP 1, 571 (1955). 
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i the present paper we find a single dispersion 
law for transverse electromagnetic waves and for 
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spin waves, which takes into account both relativ- 
istic and exchange interactions. When the wave- 
length is shortened (at constant w) the relative 
role of the displacement currents becomes less 
and less; on the contrary, the contribution from 
the exchange forces increases, and instead of 
transverse electromagnetic waves we get spin 
waves. 

1. We start with the usual equations of motion 
for the magnetization,! 


dM/dt = ¥ {(H..a?/Ms) [MAM] + [MH}}, (1) 


where Hex is the effective field of the exchange 
forces, a the lattice constant, Mg the saturation 
magnetization, H the magnetic field intensity in 
the sample, y the ratio of the magnetic moment 
of the electron to its spin: y = 2.8 Mcs/Oe. We 
shall put M=Mg+m, H=H; +h (Mg||H;|| OY), 
where Hj is the internal magnetic field inside the 
specimen, while h and m are the high-frequency 
components of the magnetic field and the magneti- 
zation. If |m| «|Mg|, |h| «|Hj;| we get from 


(1) for the waves E, H ~ expi[k(y cos 6 +x sin @) 


+ wt] the linear equations, 

loam, = 1 {— H.xak?mz+ Mshz— Himzy; 

iwmz= 1 {H.,a°k?m,— Mshy+ Him}, 
from which we find the components of the magnetic 
susceptibility tensor, 


(6) + &R?) p 
ee ; 


1 — (6) + ak?)? , 


(2) 
: ' tp 
2 iega i (59 + ak?)?? 


Vig ee 


‘where a = yHexa*/w, 0) = YHi/w, p =47Mgy/w. 
As a@-—0 expression (2) goes over into the well 
known equations of Polder’s.? 

Absorption can be taken into account by substi- 
tuting for w, w—iyAH, where AH is the half- 
width of the resonance curve. 

2. Substituting (2) into the general Eq. (4) of 
reference 3, which describes the propagation of 
electromagnetic waves in gyrotropic media, we 
find a connection between w and k, the disper- 
sion law, | 


o® — w* [(¥B + BR?)? + 202] + w? {((7B + BR?) [2 (YH + BR?) 
+ 4xMosyx sin?6] (3) 
+ 02} eo? — (7H + BR? + 4nMsy sin’6) (yH + BR?) wt = 0 
(w) =ck/Ve, c is the velocity of light, B= aw), 
which describes both transverse electromagnetic 


waves and spin waves. This equation is of the 
third degree in w* and has three roots, corre- 


sponding to three branches of the dispersion curve. 
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If we neglect the displacement currents (as 
wve/ck —0 ), (3) goes over into the equation of 
the static approximation, 


wo = (yH + Bk) (;H + BR? + 4xMoysin?6), (4) 


i.e., into the spin wave dispersion relation found 
in reference 1. 

3. The character of the dispersion curves can 
most conveniently be observed from the particular 
cases 0=0 and 6=7/2. 

(1) @=0. Im this case (3) has three positive 
solutions, 


= [[o —yH+$ 8) +42 86 (4B — °)| ‘| - (6) 

Expression (5) describes the ordinary wave, (6) 
the extraordinary one. The (w,k) plane can be 
divided into three regions: region A (w< YH), 
region R (yH=wsyB), and region D (w>yB). 
In region A only one of the extraordinary waves 
is propagated [the one corresponding to the plus 
sign before the radical in Eq. (6)], while the spin 
wave propagates in region R. In region D the 
spin wave branch is retained, but added to it is 
one branch of the transverse electromagnetic 
waves, the one corresponding to the minus sign 
in front of the square root in Eq. (6). 

(2) 6 = 2/2. In that case two waves are possible: 
type E andtype H.‘ For waves of type E k* = 
(w*/c?) €. Dividing Eq. (3) by k?—(w?/c?)e we 
get the dispersion law for waves of type H, 

20? = (7B + BR?)?+ rays (7) 

EAU1B + BAB)*+ eo6]?— 40 (7B + BAY) (7H + BRY))'”. 

The w(k) curves for intermediate values of 0 
lie between the dispersion curves corresponding 
to.6=0 and 6 =2/2. The line aw? = y"H(H = 
4nmMg sin? @) is the lower boundary of the region 
R, andthe line w=yB its upper boundary. 


ces Herring and C. Kittel, Phys. Rev. 81, 869 
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2D. Polder, Phil. Mag. 40, 99 (1949). 

3M. A. Gintsburg, Dokl. Akad. Nauk SSSR, 95, 
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4M. A. Gintsburg, Izv. Akad. Nauk SSSR, Ser. 
Fiz. 18, 444 (1954) [Columbia Techn. Transl. 18, 
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ly a recent paper! the author presented, in general 
form, a calculation of hole bands and of effective 
masses in them for NaCl-type crystals. The 
many-electron problem was solved by the Hartree- 
Fock method, in the tight-binding approximation. 
Because of the threefold degeneracy of the p-state 
of the halogen, there are three hole bands; the prin- 
cipal band has four minima at the points {+7/d; 
+1/d; +m/d}. Expressions were given previously’ 
for the energy E(k), the width of the principal 
band, the effective masses etc., in terms of two 
exchange integrals D and 6. The latter was cal- 
culated for KCl only in reference 1. 

Analogous calulations (see reference 1) have 
been made for NaCl. The expression for the en- 
ergy E(k) asa function of the wave number k 
is: 

Bk) == = {B—4D 5S cosk,cosk, 


ay 


+2(6+D) [S b?cosk,(cos ky + cos kz) 
xFtyY (1) 


— 2S besink, sin ky]}, 
x#Yy 


B = const; 


Di + \\\ {(Q (FS) P (Dh) bi* (8) bi (re) dt = 1.57-10°, 


S=—F \V\ 0 OL) P (FEY) Os (12) 5 (RY) de = 6.7.10, 


Q = ghee {oe — Dainty — aint, e 
OS ee 


— 8p? Ei (— 29) — e—e gr 
Sp° Bi (— 29) —en# 4p 4-13 Foe |} 
b, (r) = (3a3/n V2 )e~ * sin Se’e, 


3 (r) = (3x3/n) e~ *" cos 9, 


== 107. 


For NaCl, as for KCl, @=a(Cl)=1.54 x 
10° cm™!, but d(NaCl) = 5.64 x 1078 om. 

The coefficients {b, c, a} =a appear in 
Eq. (1) through the zy function of the crystal 


M 
p =A Dyelrs (ob! + cb! + abt}, (3) 


l=] 
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and in the last equation through the % function of 
the chlorine atom which is in the sl-th site, the 
ground state of which is threefold degenerate. 
These coefficients are determined (to satisfy the 
normalization condition b? + ec? +a*=1) from 
the condition for minimizing the energy [Eq. (1)], 
which leads to a third-order secular equation. 
On substituting the values of b, c and a, found 
in this way, into (1) we obtain (see reference 1): 

1. The width of the principal band 

(2e?/d) 4 (2G — D) = 2.17 ev. (4) 

2. The effective-mass tensor at the point 
{1/d; 1/d: 1/d}: 

(a) parallel to the diagonal of the cube [111] — 
the longitudinal mass 

U =U mia== 6-38-10 */(26 —D) ==0. 909, 


(b) perpendicular to the cube diagonal — the 
transverse mass 


U = tmax= 6.38-2-10-2/(4@ + D) = 0.98. 


Some of the increase in width of the principal 
band in NaCl, compared with KCl, comes from 
the smaller lattice constant of NaCl; the exchange 
integrals increase exponentially and this leads to 
a broadening of the band. Since the radial wave 
function of the Cl” ion in Eq. (3) agrees with the 
Hartree value’ only at distances R>1A,! the 
calculations are more accurate for NaCl than 
for KCl. 

Casella’ obtained a qualitatively similar result 
for the properties of hole bands in NaCl within 
the framework of the one-electron problem. A 
spherically-symmetrical potential was built up, 
by Slater’s method, from the atomic 3p wave 
functions of argon, which Casella substituted for 
the ~ function of chlorine. As he took into account 
the threefold p-degeneracy of argon, his band be- 
havior is analogous to reference 1. He obtained 
~1.2 ev for the width of the principal hole band 
in NaCl, which is gmaller than the value of 1.5 ev 
obtained by the present author for KCl.! Mention 
should be made of the old work of Shockley,‘ in 
which the Wigner-Seitz cellular method gave the 
hole band width of NaCl as 4.4 ev. 

I take this opportunity to thank V. I. Fedor- 
chenko for checking part of the calculations. 


'T. I. Kucher, J. Exptl. Theoret. Phys. (US'S:R) 
34, 394 (1958), Soviet Phys. JETP 7, 274 (1958). 

2D. R. Hartree and W. Hartree, Proc. Roy. Soc. 
156, 45 (1936). 

°R. C. Casella, Phys. Rev. 104, 1260 (1956). 

*‘W. Shockley, Phys. Rev. 50, 754 (1936). 
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dks angular distribution of elastically scattered 
deuterons was considered in reference 1. How- 
ever, as the authors themselves pointed out, their 
formula (10) is valid only for x’ «<p. Here, k 
is the transverse momentum acquired by the deu- 
teron as a result of the scattering, x’ =R, R is 
the nuclear radius, Rq is the radius of the deu- 
teron, and p = R/ Rg. The theory of diffractional 
scattering is valid up to K ~ uc, i.e., up to Kk’ ~ 
2p. It is therefore of interest to obtain a formula 
covering the whole angular range. 

We turn to the derivation of the angular distri- 
bution. We have 


ds =| Ag|*dx/(2n)*, 


where 
tA est (erveede | ar °o(r) [e (e a5 5 ae (- i 2) (1) 


—olp+5)e(e— 4), of) = (9 ae on 


Here, p is the radius vector of the center of mass 
of the deuteron in the plane perpendicular to the 
axis of the incident beam, r is the radius vector 
of the relative distance in the deuteron, $)(r) = 
Va/2n e~@0/r is the internal wave function of the 
deuteron in the approximation of zero-range nu- 
clear forces (a@ =1/2Rq). We consider the case 
Rg «< R, and replace the nucleus by a flat disk 
with a straight edge, as in references 2 and 3. We 
note that the expression inside the square bracket 
in (1) is equal to zero for p< R, while, for p> R, 
it equals unity in a band of width 2(p—R) and 
zero elsewhere. After these remarks, the integral 
(1) is easily evaluated with the result 

Ay = ink? {ae He zp \ dx Jol ( ee al & (o} 

é 0 


= Qn Ray (x’). w 


Here J)(x) and J,(x) are the Bessel functions, 
61(xX) is the Gold integral: 


fos} 


ENG 2 \ e~*t dt /t?, 


1 


With the help of the formula 


fvocnbe(+2))ole (i +] — eae 


1+ x/2p 


we easily verify that 
\\do = (Ax? Qmxdx = oR? + (1 —In 2) Ra. 


This total cross section agrees with the total 
cross section of reference 1. 

The function ap (k’) was tabulated for p= 
R/Rg = 8, which corresponds to A = 216: 


sie 0 1 2 3 4 5 
az (x’) = 0.5833 0.5691 0.3154 0.0656 —0.0796 —0,0797 


an) Tie WHS 9 
az(x’)= 0.0177 0.0356 0.0402 0.0088, 


V. 8S. Popov pointed out to the author that the func- 
tion (2) can be represented approximately (with 
accuracy ~ 10%) by the following expression: 

Jy (x’) Eris ig In (1-+ %/2/4p?) 


‘ 
Gat Ni aD 


Ji («’) 2p Synee 
+ ae — -, tan = ; 
In terms of the angular variables, the required 
angular distribution has the following form: 


ds (0) = 2cR®| dy (poRO/h)? (poR/h)? 649, (3) 


where py, is the momentum of the incident deu- 
teron. This distribution decreases much more 
slowly with increasing angles than the distribution 
in reference 1. We note that the width of the sec- 
ondary maxima in the distribution (3) is one half 
of that for the diffraction of point particles. 


14.1, Akhiezer and A. G. Sitenko, J. Exptl. 
Theoret. Phys. (U.S.S.R.) 32, 794 (1957), Soviet 
Phys. JETP 5, 652 (1957). 

2R. Glauber, Phys. Rev. 99, 1515 (1955). 

3R. Serber, Phys. Rev. 72, 1008 (1947). 
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A general theory of galvanomagnetic effects in 
metals, which explains the asymptotic behavior 
of the resistance tensor pj, in high magnetic 
fields, is developed in reference 1. It has been 
shown that all metals (with closed Fermi sur- 
faces) can be divided into two groups; one (Cu, 
Na, In, Al, ...) with unequal number of elec- 
trons (n;) and holes (n,), andone (Bi, Be, 
Zi, chee). With Nyt No.* 

Besides these limiting cases, we would expect 
approximate equality of the number of electrons 
and holes (i.e., nj ¥ n,) for a number of metals 
with small impurity content.” The relative differ- 
ence An/n (An=n,-n); n=(ny+n,)/2) isa 
parameter which enables us to express the de- 
pendence of the resistance tensor on the mag- 
netic field. 

A calculation analogous to that described in 
reference 1 leads to the following results for the 
resistance p and the Hall constant R: 


/H.)2 
=~" soe 2 HS fy; (1) 
+a A) 
An 
4 a+ (Ain? 
RR ie ;An H\2 ? H > fy; (2) 
1am) 


H; ~ m*c/et, (the notation is the same as in ref- 
erence 1). The parameters p’, H;, and a de- 
pend on the angle between the magnetic field and 
the crystallographic axes, with a on the order 
of unity. 

From (1) and (2) we obtain 


_ fe (H/)y  (Ah<H<A, |n/An)) 5 
\o’ (n/An)? (HS>H, |n/An|) ——” 
tae AG a (H/A)? (Hi+<H<A, [n/An)) 
eae : eee) 
| Anec (HSH, \n/An)) 


We note furthermore that the present results 
agree well with the experiments of Alekseevskii, 
Brandt, and Kostina? on bismuth with small con- 
centrations of impurities. In fact, independently 
of the law of dispersion, the ratio HEy/Ex = H’R/p 
(see reference 2) varies linearly with the square 
of the magnetic field, and the sign of the coefficient 
of H* is determined by the sign of An. 


*Note added in proof (September 1, 1958). Recent results of 
I. M. Lifshitz and V. G. Peschanskii on the one hand, and of 
N. E. Alekseevskii and Iu. P. Gadukov on the other, show that 
the division of metals into two groups is very provisional. 1 
Apparently many metals have open Fermi surfaces. 


1 Lifshitz, Azbel’, and Kaganov, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 31, 63 (1956), Soviet Phys. JETP 4, 
41 (1957). 

2 Alekseevski, Brandt, and Kostina, Dokl. Akad. 
Nauk SSSR 105, 46 (1955). 
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W: have investigated, jointly with Karasik,! the 
magnetic properties of anhydrous polycrystalline 
CoSQ,. We have established that this substance 
goes into an antiferromagnetic state near 15°K. 

In the present investigation we prepared single 
crystals of anhydrous CoSQ, by weighing approxi- 
mately 1.5 milligrams, using a procedure previ- 
ously described.” The magnetic properties of 
these single crystals have been investigated at 
temperatures from 1.3 to 70°K. The crystals 

were obtained in bipyramidal form. The meas- 
urements were made along the axis joining the 
vertices of the pyramid (the c axis) and along 
axes that are coincident with the sides of the base » 
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FIG. 1. Temperature dependence of molar 
susceptibility of single crystal of CoSO,. 


Mmote (65M 
6000 


(the a axis corresponds to the smaller side and 
the b axis to the larger). 

The magnetic susceptibility is independent of 
the field at all temperatures, up to fields of ~4 
kilo-oersteds.. The measured values of the sus- 
ceptibility along all three axes of the crystal are 
shown in Fig. 1. The character of the resultant 
curves confirms that CoSQ, goes into an anti- 
ferromagnetic state at Ty = 12°K. Attention 
must be called to the very sharp susceptibility 
peak along the a axis. It is probably due to the 
character of splitting of the Cott in the crystal 
field. Another feature of the results is that as 
T— 0°K the susceptibility does not tend to zero 
along any of the axes. 

The most interesting are the results obtained 
in strong fields. We have found that while the sus- 
ceptibility along the b and c axes is independent 
of the field up to 18 kilo-oersteds, the magnetic 


FIG, 2. Dependence of molar magnetic moment of 
CoSO, on the magnetic field at T = 4.2°K. 1) along a 
axis, 2) along b axis. 


properties along the a axis exhibit a sharp anom- 
aly. Figure 2 shows the dependence of the molar 
magnetic moment on the field for two directions 
(a and c axes) at 4.2°K. We see that when a 
field is applied along the a axis the moment 
increases linearly until the field reaches 12 kilo- 
oersted. Increasing the field one kilo-oersted 
more causes a sharp jump in the moment, to 

~ 6,000 cgs magnetic units, followed by a continuing 
very slight rise. The observed anomaly is obvi- 
ously connected with the reversal of the magneti- 
zation vectors of the sublattices and the transition 
of the substance from anti-ferromagnetic into 
ferromagnetic state. Two interesting facts should 
be noted here. First the ferromagnetic moment 
does not reach saturation even at ~ 18 kilo- 
oersteds. Second, the value of the ferromagnetic 
moment amounts to merely 30% of the nominal 
moment, calculated under the assumption that 
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the orbital moments are completely frozen. 

An anomaly analogous to that observed by us 
for CoSO, was previously observed for FeCl, 
by Shalyt* in polycrystals and by Bizette et al.® 
in single crystals. However, FeCl, is a layered 
antiferromagnet with strong ferromagnetic inter- 
action inside the layer and weak antiferromagnetic 
interaction between layers, a fact that manifests 
itself in the ferromagnetic sign of the constant © 
in the Curie-Weiss law. The reversal of the mo- 
ments of the layer is quite natural in such a struc- 
ture, even in weak fields. A similar behavior was 
also observed in the metallic MnAuy,, compound.® 
CoSQ, is the first ionic crystal with such an anti- 
ferromagnetic sign of © that the antiferromag- 
netism is destroyed by a relatively weak magnetic 
field (wH « kTy). 

A detailed discussion of the observed anomaly 
will be made after a thorough study is completed 
of the phenomenon over the entire temperature 
range and after the structures of the crystals are 
established. 
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We have investigated the Coulomb excitation of 
Al?" using heavy ions accelerated in a cyclotron 
— 15.9-Mev triply charged nitrogen ions and 18.1- 
Mev triply-charged oxygen ions. The y radia- 
tion emitted during the bombardment of aluminum 
was studied using a scintillation y spectrometer 
having a Nal (T1) crystal 40 mm in diameter 
and 40 mm high. A detailed description of the 
method, as well as the procedure for calculating 
B(E2)t, i.e., the reduced probability for electric 
quadrupole transition of the nucleus from its 
ground state to an excited state, was given 
earlier.” 

The figure shows the spectrum of y lines 
obtained from Coulomb excitation of aluminum 
by nitrogen ions. Two lines are observed, with 
E = 0.84 and 101 Mev. A study of the low energy 
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region of the spectrum under the same conditions 
showed that the relative intensity 7 of the 0.84 + 
0.17 Mev cascade does not exceed 4% of the direct 
transition to the ground state. According to ref- 
erence 3, 7 is 2.2%. 
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An attempt to excite the two levels of Al?’ 
using 25-Mev nitrogen ions was unsuccessful, 
owing to the marked increase in y-ray back- 
ground from nuclear reactions. 

The results obtained using nitrogen and oxygen 
ions are in good agreement with one another. 

In computing the values of B(E2)t from the 
yield of y quanta from a thick target we assumed, 
on the basis of reference 4, that the stopping power 
of aluminum for nitrogen ions is 5.9 Mev-cm2/ mg. 
The values of B(E2)t for the levels with AE = 
0.84 and 1.01 Mev are, respectively, 0.0019 and 
0.0031 e7 x 10748 em4. Using the known values of 
the spins of the ground state and first two excited 
states of Al’’,® we find that the partial lifetime 
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T (E2) of the-level at AE = 1.01 Mev is 1.7 x 
107!! sec, while the lifetime of the level at AE = 
0.84 Mev is 1.7 x 1071! sec. Previously only an 
upper limit of + < 107!° sec was known® for these 
levels in Al?", 
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‘Tue study of Coulomb excitation of nuclear levels 
enables us to calculate their lifetimes. For even- 
even nuclei the formula relating the lifetime 7 of 
the excited state and the reduced probability 
B(E2)+ for transition from the spin 0 ground state 


to the first excited state (which has spin 2), has the 


form: 
1/t = 2.46-10°3 (AE)® B(E2)f, 


where AE is the energy of the level in kev, and 
B(E2) is in units of e? x 107% cm’. 

Previously all attempts to excite the first level 
in Mg** have been unsuccessful, because in this 
case AE = 1.37 Mev and the energies of the @ 


particles or protons necessary for Coulomb exci- 
tation of the level are so high that there is a 
marked increase in the interfering background 
from nuclear reactions. 

In our work we used triply-charged ions of 
nitrogen and oxygen with energies of 15.9 and 18.1 
Mev, respectively, and also quadruply-charged 
nitrogen ions having energies of 25.6 and 36 Mev. 

The investigation of the Coulomb excitation of 
the first level of Mg** using nitrogen and oxygen 
ions is made more complicated by the fact that, 
in the y spectra we have investigated from Cou- 
lomb excitation of various elements, a parasitic 
line is always present at 1.37 Mev, i.e., a line 
coinciding with the one we are studying here. 

This line is apparently related to nuclear inter- 
action of the nitrogen and oxygen ions with carbon 
deposited on the target during the operation of the 
cyclotron. We showed that if a target of carbon 
is irradiated with nitrogen or oxygen ions the in- 
tensity of the peak corresponding to a 1.37-Mev 

y line increases approximately a hundredfold. 
We noted that, despite the spread of values of 
absolute yields of y lines in the parasitic peaks, 
the ratio of the peak amplitude to the background 
changed only slightly during irradiation of targets 
of various materials with heavy ions. 

The figure shows the y spectrum from bom- 
bardment of natural magnesium by 15.9-Mev nitro- 
gen ions. The dotted curve is the parasitic peak 
calculated on the basis of the observations men- 
tioned above. We estimate that the maximum error 
in the determination of the area of the parasitic 
peak does not exceed +5% of the area of the true 
peak. The average value of B(E2)t, determined 
from six different experiments, is 0.054e” x 10 
cm‘. This gives a value of rt = (1.54 0.4) x10” 
sec. 

The lifetime of the first excited state of Mg” 
was determined in reference 1 from data on in- 
elastic scattering of 187 Mev electrons. Accord- 
ing to reference 1, T=1.9 X 107!2 sec; however 
the author points out that the method is not very 
accurate and that the result could be changed by 
a factor of the order of unity. At the Eighth Annual 
Conference on Nuclear Spectroscopy there were 
two reports?’?, of measurements of Tt (Mg”*), 
The lifetime of the first excited state of Mg’* was 
determined in these experiments by studying reso- 
nance scattering of y-rays. The results of ref- 
erences 2 and 3 differ from one another by about 
a factor of 10. Our value of 7 is close to the 
value of t = (1.7 + 0.4) x 107! sec reported in 
reference 2. 
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Ly constructing the wave function of an n-electron 
system by Fock’s method,! the following conditions 
are imposed on the coordinate wave function W: 
(1) antisymmetry in the first k arguments, 
(2) antisymmetry in the remaining n-k arguments, 
(3) the cyclic-symmetry condition 
Mie ne 0 (1) 
i=k+1 

(Pik is the operator for transposition of the argu- 
ments i and k.) It is assumed that k = n-—k; 
then s =n/2 —k is the total spin of the system. 

It is known? that every function constructed from 
a Young pattern with two columns satisfies these 
conditions. In other words, it has been shown that 
the Young operator 


k 
Yoon =A(1,....2)A(R+1,...,0) []S(m, 2+ m) 
a (2) 
(where S and A are the operators for symmet- 


rization and antisymmetrization with respect to 
their arguments), corresponding to the pattern 


with two columns shown in Fig. 1, satisfies the 
cyclic symmetry condition 


(Vy Payee (3)° 
i=k+1 

In the present note we want to show that this 
result is easily generalized to Young patterns of 
arbitrary shape, containing any number of columns. 

Let us consider a Young pattern of the most gen- 
eral type (Fig. 2), having p columns of lengths 
Air hor + + + Ap, where 

hype de >... Shp > 0 and Aygo en: 


5 


FIG. 2 


In this case the Young operator consists of a sym- 
metrization with respect to the arguments in the 
rows followed by antisymmetrization with respect 
to columns. We shall show that this operator sat- 
isfies the cyclic symmetry condition with respect 
to any pair of columns, say the columns a and b 
(Ag = Ap). For convenience of comparison with 
the case of two columns, we shall set Ap =k and. 
Ag =n’ —k, and denote the arguments in the cells 
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of these two columns by f;, f,,...f and fi, 
. ..fp’, while the set of arguments in the other 
columns are denoted by g. The Young operator 

corresponding to our pattern can be written as 


= A’ (g) A (fas: he) 


k (4) 
Altera Sm teeny Sse). 


m=] 


A’(g) is the product of the antisymmetrizers for 
all columns except a and b. We have extracted 
from the row symmetrizers factors containing the 
symmetrization with respect to the pairs of argu- 
ments in columns a and b, and have denoted the 
product of the remaining factors by S’(f, g). 

We want to show that 

er cn ane 0. (5) 

i=h4+1 

But once the Young operator for the general case 
has been put in the form (4), relation (5) follows 
immediately from the already proven cyclic sym- 
metry for the case of two columns, since the op- 
erator (...) in (5) commutes with the operator 
A’(g). 

A condition equivalent to (5), namely the impos- 
sibility of increasing the antisymmetry of a func- 
tion which is antisymmetric with respect to groups 
Ora Age A Ai Ap arguments by adding to a larger 
group of arguments some argument from a shorter 
group (or a group of the same length) was the 
basis of Hund’s? classification of the types of per- 
mutation symmetry of functions. Hund describes 
such a symmetry character as having the A -nor- 
mal form A(Ay+A,g+...+Ap). The case of 
p =4 is of interest in treating the coordinate 
wave function of the nucleus when the forces are 
assumed to be independent of the spin and charge 
of the nucleons.* 

Thus we have shown in the present note that a 
function symmetrized according to a general Young 
pattern has the A-normal form of Hund. The fact 
that Fock’s condition is satisfied for Young patterns 
with two columns is an important special case of 
this result. 
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kes present work, the purpose of which is to 
measure the neutron half-life with an accuracy 
considerably greater than that of previous experi- 
ments,'~3 was undertaken by us in view of the spe- 
cial interest at present in the form of the 6 inter- 
action. 

The measurements were made in an apparatus 
shown in longitudinal section in Fig. 1. A well- 
collimated beam of neutrons from the RFT reactor 
(Physics and Engineering Reactor) passed through 
the evacuated chamber 1; decay protons appearing 
in the part of the beam opposite the diaphragm 2 
passed through a field-free space to the grid 3 and 
were focused on the window of the proportional 
counter 5 by an electric field applied between 
grids 3 and 4. The strength of the electric field 
was considerably greater than the computed value 
for 100% focusing of the protons. The neutron 
half-life T, in minutes, is given by the formula 
T = Jka In 2/n, where J is the integral of the 
neutron density over the cross section of the beam, 
n is the number of decay protons recorded per 
minute, @ is the transmission of the grids, and 
k is a coefficient whose value is determined only 
by the geometry of the apparatus and the distri- 
bution of the neutron density in the beam and is 
independent of the shape of the proton spectrum. 

The neutron density was determined from ac- 
tivation of gold targets, making the appropriate 
corrections for the effect of resonance neutrons, 
and also from activation of targets of sodium, 
which follows a 1/v law. In both cases, the 
standardization was done by absolute 6 counting 
on gold. 

The neutron density measured at the center of 
the beam was 2.17 x 10° neutrons/cm?® in these 
experiments, while the integral of the neutron 
density over the cross section of the beam was 
J = 7.68 X 104+ 2%. The number of decay protons 
was determined from the difference of the counter 
readings with and without electric field. As a re- 
sult of many series of measurements at the value 
of J cited above, we found the value n = 30.0 + 
0.4 min~!. The transmission a of the grids, 
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+The authors express their thanks to E. S. Kuznetsov, 
M. R. Shura-Bura, and their co-workers I. G. Krutikov, V. N. 
Toroptsev and O. B. Moskalev, who made these computations. 


due to its dependence on the angle of incidence of 
the protons, was 0.84 + 0.5%. The coefficient k 
was determined on a computerf and was equal, to 


7.87 x 107°. The uncertainty in this number was 1 Snell, Pleasonton, and McCord, Phys. Rev. 

determined mainly by the lack of precision in fix- 78, 310 (1950). 

ing the geometry of the apparatus, and did not ex- 2 J. M. Robson, Phys. Rev. 83, 349 (1951). 

ceed a few tenths of a percent. 3A. N. Sosnovskii and P. E. Spivak. Report at 
Inserting these values in the expression for T the International Conference, Geneva, 1955; vol. II, 

gives a value of T= (11.7 + 0.3) min for the neu- p.38. 

tron half-life. This half-life leads to an ft value 4a. B. Gerhart, Phys. Rev. 109, 897 (1958). 


for the neutron of 1180 + 35. If we make use of 
the relation between the ft value and the ratio of 
the coupling constants Scr and gp, we find from 
a comparison of the neutron ft value and that of 


o (ft = 3100*) the value | gqp/gpl? = 1.42 + Translated by M. Hamermesh 
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POLARIZATION OF RaE ELECTRONS AND To explain this anomaly, Yamada? postulated an 
TIME REVERSAL INVARIANCE accidental cancellation of matrix elements such 
that the large energy independent terms determin- 
A. I, ALIKHANOV, G. P. ELISEEV, and V. A. ing the 6 spectrum are reduced by destructive 
LIUBIMOV interference down to 1% of their value; thus the 


small energy dependent terms become important 
and are responsible for the anomaly in the B- 
J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 1061-1062 spectrum shape. Two parameters, x and y, are 
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(October, 1958) introduced, representing the ratios of two matrix 

I elements to a third one and by an appropriate 
N a previous paper by the authors! it was shown choice of these parameters the normal £-spectrum 

that for $6 decays in heavy nuclei corresponding shape is changed to fit the experimental shape for 
to first forbidden transitions (so-called Coulomb Rak. 
transitions, AJ # 2, as well as unique transitions The fit is obtained by the introduction of a cor- 
AJ = 2, yes) the longitudinal polarization of the rection factor C(Rb», €, x, vy) ° where Ry is 
electrons should equal —v/c accurate to 5%, and the nuclear radius and € the total energy. It is 
should be energy independent. However there ex- to be expected that if the accidental-cancellation 
ists a Coulomb transition, namely RaE (17 — 0°), hypothesis is valid the magnitude of longitudinal 
for which the shape of the 6-spectrum is anoma- polarization (—<o> c/v) of electrons will also 


lous. exhibit an anomaly in the exceptional case of RaE. 
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This case is of particular interest since, as was 
noted by Lewis® and Fujita et al,’ the Yamada hy- 
pothesis permits limits to be set on the violation 
of time-reversal invariance. 

The additional term arising from the assump- 
tion that the B decay coupling constants are com- 
.plex affects the correction factor and narrows 
down the range of possible fits to the experimental 
spectrum shape. 

We have measured the longitudinal polarization 
of electrons of average energy E = 125 and 350 
kev using the apparatus and technique previously 
described.! 

The source of Ra(D+E) of 5 millicurie in- 
tensity was approximately 0.8 mg/cm’ thick. We 
obtained —- <a> c/v = 0.733 + 0.06 and 0.725 + 
0.06 (average: 0.73 + 0.04) for E=125 and 390 
kev respectively. 

Geshkenbein, Nemirovskaia, and Rudik,® draw- 
ing on the above mentioned papers, calculated the 
longitudinal polarization for RaE electrons for 
the VA and ST covariants allowing for parity 
nonconservation, and assuming time reversal in- 
variance either to be valid or to be violated. 

In the case of the VA covariants, the two pa- 
rameters entering into the correction factor are 


x= (iCviCa)\r [\texrl, y= (Cv/Ca)\a | \ ext. 


Under the assumption of time reversal invariance 
(f= 0) the parameter x is limited by the spec- 
trum shape to lie in the range 2>x>0.2, and the 
theoretically-possible values for — <a> c/v at 
E = 250 kev lie between 0.67 and 0.835. The ex- 
perimental value 0.73 + 0.04 lies within these 
narrow limits which serves as confirmation of 
Yamada’s hypothesis and limits x to the range 
2>x>41, i.e., reduces the uncertainty in x by 
a factor of 5. The magnitude of the polarization 
is very sensitive to time reversal invariance vio- 
lation. Taking the same range of values 2>x>1 
and F*=6x1073, F<0 (where F is the imag- 
inary part of Ca) we have: 0.63 > — <a> c/v > 
0.57 andfor F>0: 0.85 >—<o> c/v > 0.79. 
Both cases are in disagreement with experiment. 
However, it is possible to fit the experiment 
with F?2=6x 107%, F <0-°provided 0.2 <x < 0.5; 
the polarization then lies in the range 0.71 > — 
<o> c/v >0.67 and x=0.2 is the minimum 
value of the parameter x that will yield a fit for 
the spectrum. From this the maximum possible 
value of F and, consequently, of time reversal 
invariance violation turns out to be less than 7.5% 
which coresponds to an angle A@ between A and 
V of ~4.5°. At this time this appears to be the 
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most precise determination of time reversal in- 
variance. 

A greater precision would be possible if an in- 
dependent determination (e.g., by use of shell 
model calculations) were made of at least the 
order of magnitude of the parameter x or if the 
energy dependence in the range from 100 to 700 
kev of the longitudinal polarization of RaE elec- 
trons were measured. 
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Recentiy D. I. Blokhintsev! made the sugges- 
tion that the formation of “sub-barrier” fragments 
in the disintegration of nuclei by high energy nu- 
cleons can be explained by assuming that during 
the motion of the nucleons in the nucleus a close 
agglomeration of nucleons can result from fluctu- 
ations. As a result of a direct collision of the in- 
cident particle with such a cluster, “sub-barrier” 
fragments are produced. The results were com- 
pared with experiments on the scattering of 675- 
Mev protons by light nuclei. 

A test of these ideas can be made with a variety 
of nuclear reactions, including the d+d reactions 
at these same energies. These reactions can pro- 
ceed via the following channels: 
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d+n-+p (2), 2n+ 2p (3), 
H® + p (5), _He*+ ¥ (6). 


If we denote the total cross section for the d+d 
reaction by o;, and the probability that it pro- 
ceeds via the i-th channel by Wj, the cross sec- 
tions for the reactions enumerated above can be 
written as oj = 0,Wj, where oj is the cross sec- 
tion for the i-th reaction, and each Wj can be 
expressed as 


a ae 
Wa as Wues, 


Here Wg is the probability for finding the two 
nucleons in the deuteron so close to one another 
that the impinging high energy particle cannot 
break up the deuteron and transfers its energy 

to the system as a whole;! Wye3 is the probabil- 
ity that in the “intermediate” state of the reaction 
a tightly bound system of two protons and a neutron 
is formed (this probability is different from that 
considered in Blokhintsev’s paper); the probabili- 
ties Wy3 and Wye are defined similarly. 


d+d (l), 


He? + n (4), (1) 


Ws — ( at Wa)’; 
Ws = W Hes. 


W, = 2Wa(1 — Wa), 
V5= Wie, 


If we use the numerical value Wg ¥ 7 x 107°, 
we find for the ratio of the first three reactions: 
o,/03 5X10, 02/03 * 1.4 x One 

Concerning the other reactions one can only 
assert that the ratio 04/05 will be close to unity, 
its value being dependent on the extent to which the 
nuclear forces are charge independent at high en- 
ergies, as is indicated by the experimental data.” 
Apparently at these energies the reactions are due 
mainly to indirect processes. The determination 
of their cross sections would enable one to esti- 
mate the role of indirect interactions in these 
processes. 
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